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This thesis decribes a. study of the properties of chemically-
-sprayed CdS films and the application of these films in the
formation of CdS-Cu 2S solar bells. The investifation included:
(1) a study of the electronic and optical properties of the
chemically-sprayed CdS films under different deposition temperatures
(2) a study of how heat treatment affected the properties of CdS films:
(3) a look into the possibility of improving the photovoltaic
response of the chemically-sprayed CdS-Cu2S solar cells based on
previous results (max. voc= 0.43 V, max. Jsc- 6.2 ma/cm2) ootained
in our laboratory (4) an investigation of the effects adding Zn
to CdS, and (5) a look into some other special effects that might
result further improvements in the performance of CdS-Cu)S solar
cells.
The present results showed that the structure and electronic
properties of the chemically-sprayed CdS films were very sensitive
to the deposition te,mperature..CdS films deposited at a low
temperature (around 200°C) usually posses a large crystal grain
size and a high conductivity, and they are less photosensitive.
The deposition rate has been found to vary inversely with the
deposition temperature. At an extremely high deposition temperature
(over 450°C), the formation of CdS films was not possible in our
chemical spraying process. CdS films deposited at 200°C to 250°C
were good for the formation of CdS-Cu2S solar cells. Heat treatment
tended to give a rise in film conductivity. This was regared as
a result of oxygen-desorption. The change in conductivity was mostly
related to the change in mobility as the carrier density was
relatively indenpendent of illumination and heat treatment. The
range of thickness used for the fabrication of CdS-Cu2S solar
cells was from 2.5 to 8 microns. The properties of CdS films were
quite independent of the thickness in this range.
The maximum open circuit voltage and short circuit current
density measured in our cells were 0.44V and 10.2 ma/cm2. The
improvement over the previous results was probably due to the
increase in the absorption effeciency near the junction interface
and a 'better control of series and shunting resistances. All our
cells were measured under back wall condition of the observed cell
phenomena could be explained by the presence of hole-traps caused
by the diffusion of copper from Cu2S to Cd3. The peak of the
spectral response was at 0.7 microns which corresponded to the
direct band gap absorption of Cu2S. No peak at 0.5 microns had
been found in our back wall cells. Thresholdabsorption was around
at 1.0 microns. Zn added to CdS films would cause a decrease in
conductivity. A rise in carrier density and sharp reduction in
mobility. They are less photosensitive also. The presence of Zn in
CdS could have resulted in a small increase in the band to band
excitation energy in CdS. Cells formed on this type of films were
believed to give a slight increase in the open circuit voltage.
Over 10% of Zn would cause a clear drop in the indirect band gap
absorption-of Cu2S (1.0 um).
To look for the chance of further improvements in photoresponse,
we have fabricated cells on some CdS films which concisted of a low
temperature deposited CdS layer formed on the top of a high
temperature deposited CdS layer. The original aim of applying
such kind of films was increase the spectral absorption in the
cells. however, not obvious imrovement has been foun
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Thin film Cds-Cu2S heterojunction solar cells have gained
considerable attention in the last decade. They are believed to
have advantages over the silicon solar cells:
(i) lower cost
(ii) simplier technology in fabrication and junction formation.
In spite of the numerous investigations, properties of
cadmium sulphide films and knowledge of the junction barrier are not
yet-well defined. Besides, most of the previous work concerned
with the cadmium sulphide single crystal, only a few investigations
of the chemically sprayed cadmium sulphide thin films had been
reported.1-4
In this thesis, we study
(i) the structure of chemically sprayed CdS thin films under
.different fabrication conditions( such as spraying temperature
and film thickness)
(ii) the electrical and optical properties of the chemically
sprayed films under different spraying conditions.
(iii)the performance of CdS-Cu2S photovoltaic system. for different
CdS films and the effects of substrates, heat tre-atment and
electrodes on cells..
(iv) the optimization of the CdS-Cu2S solar cells,
(v) the effects of adding Zn to CdS films and the performance of
cells fabricated on this type of films and
(vi) the effects of cells fabricated on a special type of CdS films
which consists of two layers of CdS films deposited at different
temperatures.
2101 Pro eration of CdS thin films
Cadmium sulphide films can be deposited in many different ways
namely, vapor deposition. 596, vapor phase deposition 7,
sputtering 8, chemical deposition 9,10 and chemical spraying
deposition 11
We choose chemical spraying method because of its
(i)- simple technique
(ii) low cost in equipment set up.
In the chemical spraying method, an aqueous solution of a
cadmium salt( CdCl2) is mixed with an sulfo-organic compound
solution (thiourea).. The mixed solution is sprayed onto the
substrates held at 1500C- 4500C, where it decomposes to give the
required films( CdS films).
1.2 Formation of junction barrier
Among the various processes of forming the Cu2S-CdS junction
barrier, ion-exchange reaction of converting CdS into Cu7S is used.
The reaction takes place in a 0.2 Molar cupper (I) chloride
solution at a temperature ranged from 70°C to 95°C. Over 300 cadmium
sulphide films with thickness varying from 1 to 8 um have been
dipped in the copper (I) ion solution to form Cu2S-CdS heterojunction.
1.3 Review of the previous investigation
In 1954, D.C. Regnold and his co-workers, G. Leies. L.L. Antes
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and R.E. Marburger discovered the photovoltaic effect by plating
metal copper, silver and gold onto the surface of CdS single crystal,
3They explained the effect in terms of impurity band in the CdS with
a two stage optical excitation mechanism.
In 1960, William and Bube 13, using cells which were not
heat-treated after eletroplating the metallic barrier layer, ruled
out the interpretation based on impurities in CdS. They suggested
that the effect is due to photomission of eletrons from the metal.
It was also noted that copper electrode gives the highest photo-
response.
In 1962, Grimmeiss and Memming 14 reported that, when excess
metal was etched away from CdS surface after heattreatment, the
spectral response of these cells is essentially the same as those of
William and Bube. That is, the photo response cannot be explained
by the metallic photoemission of electrons. They suggested a model
ofP-N homojunction between N-type and P-type cadmium sulphide.
'However, the P-type CdS has never been found 15
In the above early research work, attention was concentrated on
the barrier in cadmium sulphide. Recently, people come to focus on
cuprous sulphide. Cuprous sulphide is a complex material of several
releverit stale compounds 16, e.g. chalcocite (Cu2S), djurleite
(Cu1.96S), digenite (CuS). For convienencepuprous sulphide is
refered as Cu2S throughout this thesis.
The Cu2S-CdS heterojunction model was.first proposed by Cusano
in 1963 17. A good photovoltaic response in a Cu 2 Te-CdTe
heterojunction is formed by dipping CdTe sample into an hot aqueous
solution of cuprous ions. It is also known that CdTe homojunctions
have poor photovoltaic effect. Thus, Cusano applied his results to
CdTe and suggested that Cu2S-CdS heterojunction could be formed in
4CdS solar cells. Cusano's model was supported by the research work
of Keating (1965) 18, Chamberlin and Sharman-(1966) 11 and Shitaya
and Sato (1968) 19
Detailed study of evaporating metal Cu layer on CdS single
crystal had been done by Duc Cuong and Blair 20 in 1966. They
stated that no diffusion of copper into CdS occurred, the photo-respone
was due to the hole generation at impurity centres in CdS. Enhancement
of long wavelength response due to secondary illumination was also
reported, but their results could only be observed in heat-,treated
cells.
'Potter and Schalla 21 developed the model of photoemission of
electrons from Cu2S valence band into CdS conduction band over a
0.85 eV barrier. The probability of electron photoemission is
affected by the number of impurity centres in CdS junction region.
Hill and Keramides (1967) 22 investigated the chemical processes
occurring during the formation of the Cu2S and also during subsequent
heattreatment. They explained their observations with a double
junction model. Properties of Cu2S layer were studied by Egorova
and Mytton in 1968 Egorova reported the response of Cu2S-CdS
cells with different thickness of Cu2S. He came to a conclusion that
excitation of carriers in Cu2S accounts for the observed spectral
response. Effects of different dipping solution concentration
and different dipping time on cell-performance were studied by
Mytton 24. He also concluded that Cu2S was responsible for the
long-wavelength spectrum. Shiozawa et al of the Clevite Corporation
proposed a heterojunction model (refered as Clevite model). to
5account for the various observation in Cu2S-CdS cells in
1968 25. On the other side, Gill and Rube of Stanford
University developed another model bassed on experimental
results-measured in single crystals.( refered as Stanford
26- 31
model).
These two important models will be described briefly in
.
the next section. Very recently, attention has been given to
the changes which may occur in the Cu2S side. Caswell, Rusell
and Wood (1975) 32 shovie that the conversion of Cadmium sulphide
to cuprous sulfide wb$ different for different orientation of
the CdS crystal. Boer 33 attempted to combine the ideas of the
Clevite model and the Stanford model in 1976. He proposed a
rather complicated energy band structure to account for many
phenomena observed. Burton and Windaw (1976) 34 gave a detailed
account for thermally induced changes in Cu2S film and showed
that the changes in sheet resistance of the layer could account
for the degradation and the changes in the efficiency of the
r
cells. Burton, Hench and Stortic (1976) 3 fabricated thin film
cell by evaporation on Cadmium stannate (Cd2SnO4) films.
Putnis studied the transformation behaviour of cuprous sulphides
and found that poor efficiency and degradation were due to the
formation of djurleite.
61.4 Clevite Model
The proposed energy band diagram of Clevite model is shown
in Fig.1.1. It applies to front wall cells with post-fabrication
heattreatment in air at 250°C. All numerical values indicated in
the-diagram were found experimentally. The main features proposed
by Clevite model are:
(i) light absorption takes place mainly in the highly nonplanar
epitaxial surface layer of Cu2S.
(ii) 'Insulating layer of Cu-diffused CdS (i-CdS) forms between
Cu2S and the bulk CdS. This layer is photo-conductive
under illumination.
(iii) The junction between i-CdS and n-CdS is significant in the
dark. Under illumination, the most important photovoltaic
junction is between the Cu2S and i-CdS. There is no barrier
for electrons to flow from the conduction band of Cu2S into CdS.
(iv) Interface states at the Cu2S-i-CdS junction are assumed to
serve a path for recombination current under forward bias.
(v) The dark forward current is considered to be space charge
limited in the i-CdS laver.
1 .5 Stanford.. model
The early Stanford Model by Gill and Bube26-29 proposed that
a conduction band spike occurs at the interface. Diffusion of.
electrons across the junction must tunnel through the 'spike'.
Fig 1.2 is its band diagram. As in Clevite Model, most of the
7incident light is absorbed in the Cu2S layer. However, in order
to produce a photocurrent, photoexcited electrons in the Cu2S
must tunnel through the conduction band spike. The tunelling
probability is increased by hole trapping in the deep levels which
narrows the conduction band spike. That is, the width of the spike
is controlled by the deep levels in CdS depletion layer. HeattreatmenH
increases the width of the spike so that th.e dark forward current
is reduced. Illumination restores the photocurrent by narrowing the
depletion layer and the spike.
In 1974, Fabrenbruch and Bube modified the Stanfor4 Model
as follows .30,31:
(i) Since no experimental data shows conduction band barrier
voltage greater than 1.2 eV, they concluded that there is not
a spike at the interface.
(ii) The forward bias current after heattreatment consists of two
components, the injection of electrons from CdS into Cu2S
conduction band and the recombination of tunneling electrons
from CdS and holes from Cu2S at the interface.
(iii) Above 320 0 K, the injection Current is dominant, the activation
energy 1'.2 eV of this current corresponds to the barrier height
between the two conduction band.
(iv) The tunneling recombination current, which is dominant below
3200K, controls both the dark forward current and the
illuminated short circuit current.
(v) The opto-chemical change of undiffused copper acceptors in
the CdS depletion layer explained the effects of degradation
and heat treatment.
The band diagram of the modified model is given in Fig. 1.3
8FIGURE CAPTIONS
1.1 Energy band diagram of the heat-treated CdS-Cu2S heterojunction,
according to the Clevite Model.
1.2 Energy band diagram for the heat-treated CdS-Cu 2S heterojunction,
according to the Standford Model.






















































A temperature gradient across a semiconductor causes a
perturbed distribution of majority carriers which generate a
corresponding electric field along the sample. Thermoelectric
power is defined as the ratio of the thermal generated voltage
to the temperature difference across the semiconductor.
i. e. = lim V
T--0 T
where oC= thermoelectric power
6V= thermal generated voltage
AT= temperature difference
2.1.2 Derivation of thermoelectric power
Thermoelectric power can be derived from Boltzmann Equation,
with relaxation time assumed
(2.1)
where f= perturbed Fermi-distribution function
F= force acting on the carrier
V= velocity vector




Under steady state, we have
and under the influence of a temperature gradient, the perturbed
distribution along z-direction f is given by
(2:2)
where(= generated electric field.
For known equilibrium Fermi-Dirac distribution, afo can be
dz




where E= average energy of carriers
EF= energy difference between the bottom of the
conduction band and Fermi level.
Considering the current density-(Jz)
density of states in k space
constant XE 1/2 dE
It is also known that 36
For a non degenerate semiconductor, is of the fors









Substituting aE- into equations e. 4) aria we nave
where Nc= density of states in conduction band.
n= electron density in conduction band.
therefore
( 2.)
In case of photo- excitation, thermal equilibrium does not hold
and steady state fermi level( EF*) should be used instead of
the equilibrium fermi level.
i.e. nuation( 2. 4) becomes
( 2. 7)
2. 1. 3 Inhomofeneous model
Chemically sprayed Cadmium sulphide are considered to be
inhomogeneous and polycrystalline in nature. That is, films
consist of conducting grains separated by more resistive
intergranular material. Fig. 2. 1 gives the inhomogeneous model
proposed by Volger 37. The model considers the film as numerous
grains of dimension l' and resistivity p 1 seperated by intergranular
material of dimension 1 and resistivity p 2. The following






where u1 U2, 0-1, 0-2, and N1, N2 are mobility, conductivity,
electron density of the grains and intergranular material
respectively. is a dimensionless quantity measuring the effect
of the barriers between grains and intergrains.
p* 1* is the resistance of barrier region per unit cross
section area ( - cm 2).
The measured resistivity is
In order to calculate the thermoelectric power. We know that
where T= total temperature difference on the layer (assumed
to be uniform distributed goemetrically)
L= length of the layer
VT= measured thermoelectric power for the whole
sample
= measured electron density
16
3lount40 et al found that
IF and we have
(2.8)
(2.9)
2.1.4 Electrical Transport in Semiconductivity Films
Two scattering processes which associate with the electricc
transport are described briefly below.
(i) Surface scattering 41
,The surface of a semiconducting film interrupts the transit
of the carriers along their mean free path and thus affect the
transport properties of the material. Such an effect is usually
negligible unless the film thickness is comparable to the mean
free path of the carriers. The average mobility of the film
due to the effect of surface scattering is given by
(2.10)
where B= bulk mobility
= mean free path of carrier in the bulk
d = one half the thickness of the film
It can be seen that U decreases with decreasing sample thickness (d)
When d>>L approaches the bulk mobility UB.
42(ii) Grain Boundary Potential Barrier scattering
Polycrystalline semiconducting films are considered to
consist of crystal grains separated by intergranular boundary.
Potential barriers exist in the intergranular regions. When the
width of the barrier is less than the mean free path of electrons
in the bulk, thermally excited electrons are able to cross the
barrier. The mobility due to grain boundary potential barrier
scattering (U g) is given by the equation
(2.11)
where Vth= average thermal velocity of electrons.
N = number of barriers per cm.
(P= barrier height in eV.
and Uo = eVth
N 1 KT
Therefore, we can express the overall mobility (U) of the film
as
(2.12)
where U B= bulk mobility
US= surface scattering mobility-
Ug= grain boundary potential barrier scattering
mobility
Ui= mobility due to other scattering mechanisms.
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2.2 Photovoltaic junction 43,44
2.2.1 Ideal Photovoltaic Homojunction
For an ideal diode with negligible seriers resistance,
current density is given by
(2.13)
Jo is the reverse saturation current and it can be expressed
as
(2.14)
where Pno, Npo are equilibrium minority carrier densities,
Dp, Dn are diffusion constants of minority carrier,
Lp, Ln are the diffusion lengths of the corresponding
minority carrier.
and zp, zn are the corresponding minority carrier life time.
For a light illuminated diode, minority
carrier densities increase due to the light electron-hole pairs
generation rate g, while majority carriers densities are assumed
constant. The minority carrier densities become
Pn= Pno+gZp
and Np= Npo+ gZp,
Thus, the reverse saturation current would be
(2.15)
The second term in Eq. (2.15) is the short circuit current. (Jsc)
i.e. Jsc= -qg (Lp+ Ln) (2.16)
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To derive the open circuit voltage, we consider an. external
voltage is applied to the illuminated diode, the current-voltage
relationship becomes, with the help of Eq. (2.13) and. (2.15),
(2.17)
For open circuit junction, J= o, therefore,
(2.18)
Eqs. (2.16) and (2.18) imply that the shor b circuit current varies
linearly as the light intensity and open sircuit voltage depends
on logarithm of the intensity.
2.2.2 Photovoltaic P-N Junction with Series and Shunt Resistance'k5
To see the effects of series and shunt resistances. a simple
equivalent circuit is introduced it Fig. 2.3. The currents
in the circuit are related as:
therefore Jout= Jo(
Rearranging to obtain Jout gives,
(2.19)
and
Jout - Jsc = Jdiode + Jsh
Jsh =
Vo - Jout Rs
Rsh
Jdiode = Jo (Vo - Jout Rs
where










-1) qg (Lp + Ln)
Jo
eq Voc/KT
-1) qg(Lp + Ln) = 0
i.e. Voc = KT/q ln









For large Rsh, Eq. (2.19) becomes
Jout= Jo (e d(Vo-Jout Rs)- 1)+ Jsc




In the above analyses, homojunctions have been used to obtain
the results. The main difference between a heterojunction and
a homojunction is that the former is formed between two different
materials with different band gap while the latter is formed
between a p-type semiconductor and a n-type semiconductor of the
same material. In the CdS-Cu2S heterojunction the barrier
height is very high for holes, current is mainly contributed by
electrons. Experimental results 14 showed that Voc & Jsc of
heterojunction varied with light intensity in the same way as an
ideal homojunction., Heterojunction are also classified as
Graded' or 'abrupt'. An abrupt heterojunction, because it is
more relevant to the CdS-Cu2 S system, will be discussed below.




The above equations have been assumed that impurities have been
ionized. In our case, the boundary conditions are
Where D1, D2 are displacement vectors at side 1 and 2
respectively, 1, 2 are the corresponding electron potential
energy at side 1 and 2. VD is the built in voltage of the
junction. Solving the above equations, we have:
(2.21)
(2.22)
If a forward bias voltage Va is applied, the term VD in Eq. (2.21)
and (2.22) should be replaced by VD - Va and yield
(2.23)
(2.24)
Therefore, depletion layer thickness W can be expressed as:
Distribution of the applied voltage VAbetween the two
materials obeys the equation,
(2.25)
Where V1 and V2 are the distributed applied voltage on
materials 1 and 2 respectively.
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VD1 and VD2 are the built in voltage of the two materials and VD1-V1
and VD2-V2 are the total potential (volts) across material 1 and
material 2. From Eq.(2.25), it can be noticed that potential (volts)
will be mostly distributed across the heavily doped region when
the two dielectric constant are comparable.
The current-voltage relationship of an abrupt heterojunction
is very similar to that of a homojunction. At equilibrium,
Refer to Fig. 2.4, Vdiff1 is defined as the potential in volts
gained by an electron reaching the P-type semiconductor from the n-
type, and it is equal to VD1+ VD2- Ec.
Vdiff2 is the potential gained by holes moving in the opposite
direction, and,















greater than 1. This leads to a conclusion that current component
contributed by electrons injected from n-typr semiconductor is much
greater than the current component of holes injected from p-type.
2.2.4. Interfaces, Tunneling and Recombination of Heterojunction.
At the interface of a heterojunction, there exists a large
number of interface states. Oldham and Milnes 47 stated that
imperfection densities over 1013/cm2 can result from a several
percent lattice mismatch. In case of CdS-Cu2S system, the lattice
mismatch is 4 to 5%. These interface states act as stepping
stones for recombination and tunneling. Thus, the nature and number
of these interface states seriously affect the performance of the
heterojunction. This may explain the great difference in the results
obtained by different researchers.
The temperature dependence of the current of many heterojunctions
is small and similar to the tunneling current found in metal-oxide-
metal structures. Thus, tunneling is quite probably involved in
the current injection. mechanisri in a heterojunction.
Fig. 2.5a. shows three possible recombination tunneling paths 48
A is the path of conduction electrons in n-type semiconductor fall
into available band-gap states and then tunnel into the valence
band in the p-type semiconductor. Path B shows conduction electrons
in n-type semiconductor tunnel into the available band-gap states
and then fall into the valence band in P-type semiconductor. The
stair case path C is the mutiple tunneling-recombination. Reverse
24
tunneling through intermediate band-gap states is also shown in
Fig. 2.5b.
Four major transport processes possible in heterojunctions
are shown in Fig. 2.6. Fig. 2.6a shows emission currents flowing
over the barriers. This may be accompanied by recombination in
the depletion region. Both emission and tunneling currents exist
in Fig. 2.6b. A life time approaching zero at the interface has
been assumed for Fig. 2.6c. In Fig. 2.6d a thermal emission
current recombining at the interface or a tunneling current flowing
through the barrier into the narrow gap material. These two
currents flow together and are dependent on the interface properties.
The total current may therefore be dominated by either of the current.-
and may exhibit either thermal or tunneling current characteristics.
Experimentally the process in Fig. 2.6d is most appropriate to
normal heterojunctions in the presence tunneling mechanism. At
normal current densities, the diodes are characterised by the
following equation:
where Jo is highly dependent on processing because of the variaoilit
of defect states while the exponent is dependent on the doping
levels, dielectric constants and number of intermediate tunneling
steps. As pointed out by Bube el al 26-31, the constant is not
strongly affected by processing as in Jo.
25
FIGURE CAPTIONS
2.1 (a) Schematic representation of the model with particles of
and resistivity, seperated by interparticle regions of
dimension and resistivity.
(b) Assumed basic unit for the calculation of thermoelectric
power.
(c) Equivalent citcuit of the basic unit for the calculation
of thermoelectric power.
2.2 Energy band ciagram representing grains and intergranular
potential barriers for an n-type polycrystalline material.
2.3 General equivalent circuit for a solsr cell.
2.4 Energy band diagram for an abrupt heterojunction.
2.5 Tunneling model for heterojunctions
(a) forward bias
(b) reverse bias


















































































3.1 Chemically spraying method
Preparation of sprayed CdS films was carried out in an
operation box as shown in Fig. 3.1. Cleaned glass substrates
were placed onto a hot plate rotating at 6 revolution per minute.
The temperature of the hot plate can be adjusted from 150°C to
450°C by varying the input power. Fig. 3.2 shows the construction
of the hot plate.A Mixture of cadmium chloride and thiourea solution
was carried by compressed nitrogen gas through the spray head and
sprayed onto the heated substrates. A layer of CdS was deposited
on the substrate after the reaction between cadmium chloride and
thiourea. Through out the experiment, the operation box was filled
with nitrogen gas sourced from liquid nitrogen. An external pump
was used to pump away the exhausted gas formed in the reaction
(H2S, NH3, and C02).
It was found that the properties of the sprayed CdS thin films
are closely related to
(i) spraying temperature
(ii) spray rate
(iii) spray solution composition i.e. cation to anion ratio in the
solution.
(iv) types of substrates used
(v) Impurity added
(vi) post spraying heat,-treatment
32
3.1.1nraving temperature
Spraying temperature is the most important parameter of the
preparation of the films. The temperature of the hot plate under
different input power was measured with a thermocouple and ploted
in Fig. 3.3. It was also found that the temperature of the hot
plate before spraying and during spraying do have a variation of
50°C to 800C depending on the spray rate. Under a spray rate of
2ml/min. the temperature drop is about 50°C.
Films with substrate temperature ranged from 150°C to 400°C
have been prepared.They showed a clear difference in both structural
and electrical properties. The results will be illustrated in the
next chapter.
3-1.2 Spray rate
The spray rate, not only affects the rate of crystal growth,
but also varies the substrate temperature and the crystal grain
size. Generally_a higher spray rate increases the growth rate and
crystal grain size, but decreases the substrate temperature. In
order to obtain uniform films, the spray rate should be limited
between lml./min.to 3m1./min. Actually, in most cases, the
spray rate was kept at 2m1./min.
3.1.3 Spray solution
The spray solution is an aqueous 1 to 1 mixture by volume of
0.025 Molar Cadmium Chloride and 0.025 Molar thiourea solution.
Cadmium Chloride and thiourea were chosen as starting materials
because they can give satisfactory result easily. Qualitative
01
analyses show that,higher concentration (over 0.05 Molar) of the
solution will give films not so uniform, while a spray solution
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of 0.0125 Molar requires a very long time (16hrs.) to prepare
a film of reasonable thickness (41lm). Due to the above two reasons,
0.025 Molar solution was used. The following table gives the
ingradiants of the solution.
Table 3+1
wt. in 1 litre waterMolarityChemicals
0.025 MCdCl2 5.03303 gm
0.025 MThiourea (NH2)2CS. 1.90301 gm
All chemicals were weight with an electronic beam balance.
The spray solution is a mixture of equal volume of the above
two solution, i.e. 100ml. CdCl2 sot.+100rnl. Thiourea sol.= 200ml.
spray solution.
3.1.4 Types of substrates
Three types of substrates had been used. The first is the
microscope slide glass of Sail Brand. To avoid the undesirable
impurities, glasses were cleaned in the following procedures:
(i) immersed in a detergent solution and agitated in an ultra
sonic cleaner for 10 minutes to remove the dusts of large
size.
(ii) washed in distilled water, then immersed in concentrated
chromic acid to oxidize the impurities.
(iii) washed with distilled water again, and heated in NH4OH+H20
+H2O2 (ratio 1:5:1) at 80°C for 5 minutes to remove acidic
oxide.
(iv) rinsed in deionized water, and then heated in HC1+H202+
H2O (ratio 1:5:25) at 80°C for another 5 minutes.
(v) after rinsed in deionized water again, the glasses were
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dried in a desicater.
CdS films on glass substrates were mainly prepared for the
purposed to measure the electrical and optical properties. They
were not used to produce effective solar cells because of the high
serious resistance.
A conductive coating of Tin Oxide on glass was also used as
substrates. Fig. 3.4 shows the arrangement used for making tin
oxide. The temperature of the furnance was raised to about 550°C
to 600°C. The only reagent used was stannous chloride which
could be oxidized to form tin oxide on the glass surface at this
temperature. The air or oxygen flow had to be slow so that the
reaction could take place on the glass surface. It was also found
that moisture had also to be present during the reaction. A weighed
amount (from 1 gm to 3 gm) of stannous chloride was poured into
a boat which was then pushed in side the furnance. After the excess
water molecules had been driven out, a glass slide which was pre-
heated to 550°C was placed two inches in front of the boat. A
layer of tin oxide would then be deposited with about 20 to 200 /
square sheet resistance in several minutes.
The cleaning procedures of the tin oxide substrate followed
the same as those for glasses because tin oxide is not attacked by
strong acid or alkaline. The prepared tin oxide does suffer a
weakness of not highly transparent. Films deposited
on Indium tin oxide coated on glasses obtained from LCD department,
Hong Kong Fairchild semiconduction manufacturer Ltd. were largely
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used.in the formation of CdS-Cu2S junction barrier in the latter
part of the research. Induim tin oxide has two advantages over
tin oxide i.e. transparance and uniformity. The sheet resistance
of the Induim tin oxide is 200 - 400 / .
The cleaning procedures should be somewhat different from
glass substrates because Induim oxide is attacked by acid. It
was cleaned in such a way that
(i) immersed in a detergent solution and agitated in an ultrasonic
cleaner for 10 minutes.
(ii) washed in distilled water, then, immered in acetone and
agitated in the ultrasonic cleaner for another 10 minutes
again.
(iii) rinsed in deionized water and dried in desicator.
3.1.5 Impurity
In order to investigate the effects of adding Zn into CdS
films, samples with three different percentage of ZnCl2 solution
added into the spraysolution were prepared.
Adding of Zn is believed to having an
effectof raising the open circuit voltage of the CdS-Cu2S photo-
voltaic cells.
The following table (table 3.2) gives the volume proportion of
the spray solution when different percentage of ZnCl2 was added.
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Table 3.2
a) 5% ZnCl2 added
Chemicals Molarit volume
CdCl2 95 ml.0.025 M
ZnCl2 5 ml.0.025 M
thiourea 0.025 M 100 ml.
Total volume 200ml.
b) 10% ZnCl2 added
Molarity VolumeChemicals
90 ml.0.025 MCdCl2
ZnCl2 10 ml.0.025 M
100 ml.thiourea 0.025 M
Total volume 200 ml.
c) 20% ZnCl2 added
VolumeMolarityChemicals
80 ml.0.025 MCdC12
ZnC12 20 ml.0.025 M
0.025 Mthiourea 100 ml.
Total volume 200 ml.
3.2 Measurements of the films
3.2.1 Electrodes
Electrodes should be made on the prepared CdS films before
any measurement was done. The formation of electrodes was
accomplished by evaporating a layer of Indium on the film with a
metallic (Mo) mask which shaped the pattern structure of the
electrodes. The choice of metal Indium is based on that it can
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form ohmic contact with Cadmium sulphide. Fig. 3.5 shows the
eletrode structure of a CdS film, while Fig. 3.6 gives the
structure of the evaporator used for this purpose.
3.2.2 Vacuum Chamber and Sample holder
A vacuum chamber -was used in the measurement of the physical
parameters. Fig. 3.7 gives the diagram. Tube A was used to
support the sample holder. A silver coated glass tube was used as
a window for admitting light onto the sample. Two heaters were
built on the sample holder, the primary heater controls the
temperature of the whole sample, the control of the temperature
gradient along the sample was achieved by adjusting the power of
the gradient heater. A piece of mica was used to isolate the
sample electrically from the holder. Temperature measurements
were made using of two chromel-constantan thermocouples attached on.
the sample. Copper wires were led from the sample to have the
electrical measurements. An Edward oil free vacuum pump was used
to pump down the pressure inside the chamber.
3.2.3 Conductivi
CdS film conductivity measurement was done at room temperature.
The film with electrodes was mounted on an holder as shown in
Fig. 3.5. The supply voltage source was-an 12.6v mercury battery.
Current measurement was done by a Keithley solid state 602
electrometer. Both dark and light readings were taken half an
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3.2.4 Thermoelectric power
Thermoelectric power was measured in vacuum chamber as shown
in Fig. 3.7. The sample was fixed on the holder with silicon
grease. The gradient heater at the end of the holder established
a temperature gradient across the sample. The overall temperature
was controlled by the primary heater. Two thermocouples at the
two ends of the sample were used to feed into a H.P. 3465A digital
multimeter to measure the temperature. The thermoelectric
voltage was measured with two copper wires led from the sample with
the Keithley Solid State electrometer. One point measurement of
thermoelectric powers are not accurate if an off set voltage
,occurs due to photovoltaic effect, high resistivity of the sample
or residual voltage cause by electric field application.
3.2.5 Spectral response of photo-conductivity
Fig. 3.8 shows the Bausch and Lomb type 33-86-76 and 33-
86-77 gratings monochrometer together with a tungsten light
source were used to measure the spectral response of the photo-
conductivity of CdS films. The higher harmonics were filtered by
Optical Component Standard Color filter.
3.3 Preparation of CdS-Cu2S photovoltaic cells
Fig. 3.9 shows the block diagram of the procedures of
.preparation of CdS-Cu2S photovoltaic cells. CdS films formed by
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spraying were masked with normal photolithography process, and then
dipped in a Cu(I) chloride solution at 80°C to form the CdS-Cu2S
junction barrier. After removing the exposed photo resist by
acctone, heattreatment could be carried out and electrodes were
evaporated.
3.3.1 Photolitho ra h
Mostly the geometry of the pattern after photolithograph7is
a circular dot as shown in Fig. 3.10a. The photolithography
process consists of the following procedures:
(i) Thin layer of positive photoresist was coated on the surface
of the CdS thin films.
(ii) The sample with photoresist was spinned-at 2000 rotations/min,
for 30 seconds.
(iii) The sample was baked at 80°C for 15 minutes.
(iv) After exposing to ultra violet light under a mask for 8
second, it was immersed in solution of developer for 1 minute.
(v) After washing with Deionized water, the sample was spun dry
and baked at 1000C for 10 minutes to fix the photoresist
l aver.
3.3.2 Barrier formation
The CdS-Cu2S heterojunction was formed by immersing the films
into a solution of cuprous chloride at 8,0°C after photo-lithography.
The cuprous chloride solution was prepared in the following way:
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Deionized water was boiled for at least one hour to remove
dissolved oxygen. Chemicals were weighed and dissolved in 200c.c.




0.02 MCuCl 0.4 gm
0.02 MNH2OH. HC1 0.028 gm
0.05 MKC1 0.8 gm
Cuprous chloride is quite insoluble in water, but the.
solubility is increased by adding potassium chloride (KC1) due
to the formation of complex ions CuCl2 and CuCl3.
Hydroxyamine hydrochloride NH2OH.HC1 was added to ensure the
reduction Cu(II) ions to Cu(I) ions. The hydroxymmonium ions
react with Cu(II) ions according to the following equation:
NH 3 OH++ CU++ 4 3 ZN 2 1+ Cu++ 2H 1+ H 2 0
Different amount of hydrochloric acid was also added to
vary the PH value of the solution, it also increased the solubility
of the cuprous chloride. In most of the dipping solution, the PH
value was kept at the optimun value 2.5 stated by Siu 49.
The cadmium sulphide samples were put into a quartz holder.
The dipping solution was heated to 80°C, other temperature up
to 95°C of the dipping solution had been tried and results were
compared. It was found that the difference was not so obvious.
The quartz holder with CdS films was lower into the solution for
a several seconds to have the CdS-Cu2S barrier formation. Dipping
time ranged from 1 second to 8 seconds had been tested with
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results given in the next chapter. The reaction of forming
Cu2S is a displacement of Cadmium and can be represented by the
following equation.
CdS+ 2Cu-, Cu2S I+ Cd++
After the formation of CdS-Cu 2S barrier, the,s ample was
washed with acetone to remove the photoresist. Then, it was
washed in deionized water and baked at 80 °C for 5 minutes.
3.3.3 Heat-treatment and Electrodes
Heat-treatment of cells and the thin films was carried out
in the furnance as shown in Fig. 3.11. Two gases Nitrogen (N2)'
and forming Gas (10%H2+ 90%N2) had been used as the heating
atmosphere. They did not show a clear difference. Testing of
the effects of the accumulating heat-treatment was carried out in
the following way: A CdS sample, after it had been heat-treatment in
N2 atmosphere for 10. minutes, was left to expose in air for 24
hours. The process was repeated for several cycles, and each time
before and after heat-treatment, conductivity and thermoelectric
power were measured. Accumulating heat-treatment on cells had
been also tested.
Metal was evaporated on the surface of CdS as well as Cu2S
to act as electrodes. The evaporating process is the same as the
one described in section 3.2.1. The geometry of the electrodes
has the form as shown in Fig. 3.10.b. Two different metals,
Indium and Aluminium had been used and their results were compared.
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3.3.4 I-V measurement of cells
The open circuit voltage of the cells was measured with the
H.P. 3465 A digital multimeter. Short circuit current was
measured applying the circuit shown in Fig. 3.12. This is
actually a current to voltage converter having the advantage of
input impedance approaching zero. The current could be found
from the relation Isc=-Vout
RF
The I-V characteristics of CdS-Cu2S junction in the dark and
under illumination were recorded by a NEE Plotamatic 715 X-Y
Plotter connected as shown in Fig. 3.13. The H.P. 17108 A time
base unit supplied, to the cell, a time base voltage which was
measured by the Keithley solid state 602 eletrometer. The output
of the electrometer was fed into the horizontal (X) input of the
plotter. The current passed through the solar cell was measured
by the current to voltage connector which was fed into the vertical
(Y) input of the plotter.
3.3.5 Spectral response of cells
The measurement of the spectral response of photovotaic
cells was the same as that of the films. Both the response of
the open circuit voltage and short circuit current were measured.
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FIGURE CAPTIONS
3.1 Apparatus used for chemically spraying technique
3.2 Schematic diagrame of the hot piste used to prepare chemically-
sprayed CdS films
3.3 Measured temperatures of the hot plate (no spraying) against
the input power
3.4 Schematic diagram for tin oxide fabrication
3.5 Diagram of sample holder for CdS thin films
3.6 Evaporation of In metal on sample
3.7 Schematic diagram of the vacuum chamber used
3.8 Structure of the monochrorneter used
3.9 Block diagrams of the fabrication process of forming CdS-Cu2S
solar cells
3.10
a).Geometry of the pattern after photolithograph
b) Geometry of the cell after the formation of electrodes
3.11
Experimental set up of heat treatment
3.12
Circuit for the measurement of short circuit current
3.13


































































































































































































RESULTS- CdS THIN FILMS
4.1 Thickness and solution used
Thickness of the CdS films was estimated by weighing or
ellipsometry. Fig 4.1 shows a plot of the measured thickness
versus the amount-of spraying solution used for glass substrates
at different temperatures (200°C, 300°C and 370°C). Film thickness
of other substrates, tin oxide coated glasses and Indium-tin
oxide coated glasses were shown in Figs.4.2 and Figs.4.3. Fairly
linear relationships were obscured indicating that the growth
rate could be fairly constant. The deviation from linearity was
somewhat greater during the initial deposition. It was also
found that the deposition rate was higher at lower temperatures. A
Comparision of the three figures (Figs 4.1, 4.2 and 4.3) shows
that growth rates on different substrates were apparently the
same for a definite temperature. Fig s.4.4 and 4.5 show the
thickness of chemically-sprayed films on different substrates
versus spraying temperature for 600 ml. spraying solution.
4.2 Film structure
The film structure was examined-using scanning electron
microscopy. Figs 4.6 a-d show the scanning electron micrographs
(SEM) of some chemically-sprayed CdS films deposited on glass
substrates using 4 different substrates temperature (200°C,
300°C 360°C and 370°C) 600 ml. of spraying solution was used in
each case. Rather different surface structures were observed.
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The variation were also accompanied by changes in the observed
colour of the films, which shifted from bright yellow to reddish
yellow as the substrate temperature was reduced. Figs.4.7 a-f
show the scanning micrographs (SEM) of chemically-sprayed films
desposited on glass at 300°C for different amount of spraying
solution (300 ml., 600 ml., 1200m1., 2030m1., and 2600 ml.)
From the micrographs, an increase in crystal grain size was
observed. Fig. 4.8 a-d show the scanning electron micrographs
(SEM) of chemically-sprayed CdS films deposited on glass at a
higher temperature of 370°C. 230 ml., 630m1., 1030m1., and
2030 mi., of spraying solution were used. The difference in
crystal structure was less obvious in this case although they
were clearly different compared with those deposited at 300°C.
Figs.4.9 a-c' show the scanning electron micrographs (SEM) of some
chemically-sprayed CdS films deposited on different substrates
at 300°C for 500 mi. of spraying solution. There appeared to be
basic structural similarities for these films. Figs. 4.10 a-b
show the scanning electron micrographs (SEM) for CdS films
deposited on indium-tin oxide coated glass substrates at high
substrate temperatures (360°C and 370°C) for 600 ml. of spraying
solution. Again they were similar to those deposited on glass
substrates shown in Figs.4.6 c-d.
4.3 Conductivity
Fig. 4.11 shows the variation of conductivity of different
thickness of CdS films sprayed at a temperature 200°C. Fairly
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similar conductivity relationships were observed both at dark
and light condition. This means for a film thickness over 1.5,u m,
conductivity does not change much with thickness. The same
relationship was observed in 300°C sprayed films, the results
were illustrated in Fig. 4.12. Both figures (4.11 and 4.12)
show that the difference between light and dark conductivity was
less obvious in thicker films. However, comparing the two figures,
it was also found that higher temperature sprayed films were more
light sensitive. Fig. 4.13 showsthe conductivity of films sprayed
at different temperatures ranged from 200°C to 400°C. Again,
a more light sensitive'effect was observed for films sprayed
at higher temperatures.
4.4 Carrier Density and Mobility
Carrier density was calculated from the measured thermoelectric
power using thermoelectric factor A=2 and an electronic effective
mass Me*= 0.25 Me. Temperature corrections in Nc had also been
made.. Fig 4.14 shows the light and dark carrier densities of
sprayed CdS film's deposited on glass substrates at 300°C for
different thicknesses. It was observed that carrier densities
were high, light insensitive and independent of film thickness.
The light and dark mobilities for different film thicknesses
were illustrated in Fig. 4.15. It was obvious that light mobility
was independent of thickness, while, a gradually increase with
increasing in film thickness was found in the dark.mobility. These
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results were somewhat different from previous results of Siu and
Kwok 49 where the light and dark mobilities were sensitive to both
film thickness and light intensity. Fig. 4.16 show the light
carrier density of chemically sprayed films sprayed at different
temperature using 600 ml. of spraying solution and it was found
that carrier density was also independent of spraying temperature.
Also shown are the mobilities of films sprayed at the different
temperatures (Fig. 4.17). Dark mobilities, which were estimated
from conductivity assuming no change in carrier densities were
also included in the figure. (The dark thermoelectric powers were
not measured due to the high sample impedance.)
4.5 Heat treatment
Heat treatment can change the electrical properties of
sprayed CdS thin film. Fi4.18a shows the change in CdS films
conductivities'under cucimulative heat treatment. Two samples
with thicknesses 6pm and 2.5pm were shown. From the
figure, it was observed that conductivity increased with heat
treatment. For thicker films, heat treatment was less effective.
Film conductivity decreased after being heat-treated over an hour.
Heat treatment effect on the thermoelectric power was not
so obvious as conductivity. It was round that the thermoelectric
power was rather constant throughout the heat treatment. Therefore,
it can be said that the variation of carrier density was also
independent of heat treatment and the change of conductivity
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under heat treatment was mainly due to the chance in mobility.
Fig. 4.19 shows the variation of carrier density of a Cds film
deposited at 2000C with a thickness of 4 microns. Another CdS
film of.0.8 microns deposited at a higher temperature of 3600C
was also included in the same figure.
In the above heat treatments, electrodes had been formed on
the CdS surface. In order to eliminate the effects due to the
presence Of electrodes, another set of conductivity data of CdS films
with no electrode during heat treatment were presented (Fig.4.18b).
It could be found that there existed a difference between the two
figures (Fig.4.18a and Fig-4.18b). We will have a further discussion
on this point in Chapter VII
4.6 Spectral response of photo-conductivity
Fig.4.20 shows the spectral response photo-conductivity
for chemically-sprayed CdS films depositer at three different temper-
ature (200°C,310°C• 370°C) o The film thickness were 5.5, 3.0
and 2.5 um respectively. The figure shows a result that thicker
films with a lower deposition temperature are not sensitive to
the light spectrum. Films deposited at a higher substrate temper-




4.1 Film thickness versus amount of spraying solution used
at different substrate temperatures. (glass substrate)
4.2 Thickness of--chemically-sprayed CdS films versus amount
of spraying solution used at a substrate temperature of
3700C. (tin oxide coated glass substrate)
4.3 Thickness of chemically-sprayed CdS films versus amount
of spraying solution used at different substrate
temperatures. (indium-tin oxide coated glass substrate,
ITO)
4.4 Thickness of chemically-sprayed CdS films (600m1 solution)
versus substrate temperatures for glass substrate.
4.5 Thickness of chemically-sprayed CdS films (600m1 solution)
versus substrate temperature for ITO substrates.
4.6(a-d)Scanning electron micrographs of some chemically-
-sprayed CdS films deposited at different substrate
temperatures (a-200°C, b-300°C, c-360°C, d-370°C.)
using 600ml of sprayung solution.
4.7(a-f)Scanning electron micrographs for CdS films sprayed with
different amount of solution at 300°C( a-300m1, b-600m1,
c-1200m1, d-1630m1, e-2030m1, f-2600m1.)
4.8(a-d)Scanning electron micrographs of CdS films sprayed at
3700C with different amount of solution.( a-230m1,
b-630m1, c-1030m1, d-2030ml.)
4.9(a-c)Scanning electron micrograph of CdS films deposited on
different substrates at 300°C with 500m1 spraying solution.
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(a-glass, b-tin oxide coated glass, c-indium tin oxide
coated glass)
4.10(a-b)Scanning electron micrograph of CdS films deposited
on indium-tin oxide coated glass with 600m1 of spraying
solution at different substrate temperatures.( a-360°C
b-370°C.)
4.11 Conductivity of films (deposited at 200°C) versus films
thicknesses.
4.12 Conductivity of films (deposited at 300°C) versus films
thicknesses.
4.13 Light and dark conductivity of films of different
deposition temperatures.
4.14 Carrier densities of CdS films deposited at 300°C versus
films thicknesses.
4.15 Mobility of films deposited at 300°C versus film thickness.
4.16 Carrier densities of films of different deposition
temperatures.
4.17 Mobility of CdS films of different deposition temperatures.
4.18a Change of dark conductivity under heat treatment.( with
electrodes)
4.18b Change of dark conductivity under heat treatment.( with
no electrode)
4.19 Change of carrier density under heat treatment.( o-4um
deposited at 200°C, -0.8um deposited at 360°C)
4.20 Spectral response of photo-conductivity for films deposited
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CUMMULATIVE HEAT TREATMENT (hrs)
Fig.4.18b
88CUMMULATIVE HEAT TREAMENTFIG.4.19 (hrs)























5.1 Dipping time effect
The photoresponse of open circuit voltage and short circuit
current density versus different dipping time were plotted as
shown in Fig. 5.1 and Fig. 5.2 respectively. Results shown in
these two figures were obtained from cells which were fabricated
on glass substrates, and heat-treated in N2 atmosphere at 250°C
for 15 minutes. The effect of different CdS film thickness was
illustrated in the same figures. It was found that the open circl_iit
voltage is relatively independent of film thickness for thicker
films. A decrease in both Voc and Jsc was observed with prolonged
dipping. An optimal dipping time for Voc was found to be over 2
seconds, and it was also independent of film thickness for thicker
films (over 4,u m). However, the optimal dipping time for maximum
Jsc did vary with film thickness. The general trend was (from
Fig. 5.2) apparent to be that, thicker films required longer dipping
time in order to reach optimum in short circuit current.
Fig. 5.3 and 5.4 demonstrated the results of Voc and Jsc
versus different dipping time for cells fabricated on indium tin
oxide coated glass substrates. The results in Fig. 5.3 showed that
the open circuit voltage was relatively lower comparing with
Fig. 5.1.Optimal value of dipping time to reach maximum Voc existed
and it was also relatively independent of film thickness for films
above 4Um thick. The dependence of short circuit current on
dipping time was more critical than the dependence of open circuit
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voltage. Sarre as the cells fabricated on glass substrates, optimal
dipping time for Jsc was found varying with film thickness, that
is, thicker films should be dipped for longer time so as to have
optimal short circuit current.
5.2 Heat treatment
The effects of heat treatment on the performance of the cells
were shown in Fig. 5.5 to Fig. 5.8. A result of heat-treatment is
that both Voc and Jsc increase with heat treatment time in Uric CLr,L
half an hour, and then decline with futher heat-treatment. All
heat treatments were done in nitrogen or forming gas atmosphere at
2500C. The time required to bring the cell to its best performance
should be limited below half an hour. 15 to 20 minutes would be
desirable. In each of these figures, also demonstrated are the
different results of heat treatment due to the presence of electrodes.
Two cells, fabricated under the same condition and on the same
piece of CdS film, were one evaporated wit:i indium electrodes on
the surface of Cu2S before heat-treatment and the other not evaporated
with any. These two cells were heat-treated simultaneously in `Ile
furnance. Presence of electrodes was found shortening the heat-
treatment time to reach the peak but the peak in Voc was comparatively
lower than the one with no electrodes (see Fig. 5.5 and 5.7), and,
the declination due to over heat-treatment was also faster.
Comparing Fig-5.5 and 5.6, it can be noticed that the time required
to obtained optimal Voc is about 30 minutes, however, optimal Jsc
can be achieved in 15 minutes. The same result was also found in
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the heat treatment of most of the cells.
Figs 5.7 and 5.8 are the results of Voc and Jsc of cells on
indium tin oxide coated glass substrates. These two figures reflect
more or less the same information as Figs.5.5 and 5.6, however,
one difference is that the declination in both Voc and Jsc due to
over heat-treatmentwas much faster than the cells fabricated on
glass substrates. It seems, from Fig. 5.8 that the peak of Jsc
for cells with electrodes is higher than the peak of cells with no
electrodes. -It can be explained that cells with no electrode
always suffer from high series resistance, the adding of electrodes
can increase the Jsc by a factor of 3 to 5. That is, if measurement
of Jsc for those cells in curve A was done after the formation of
electrodes, it certainly attain a value higher than that the cell in
curve B. Curve A refers to cells with no electrodes before heat-
treatment, Curve, B refers to cells with evaporated electrodes
before heat-treatment.
Degradation effect of Voc and Jsc of the cells were shown in
Fig. 5.9 and 5.10. Cells being heat-treated over 15 minutes would
attain a more stable performance. For those cells which had been
heat-treated for 5 minutes, the degradation effect in air was
obvious. These results lead to a conclusion that, short time
heat-treatment, although can bring the Voc and Jsc of a cell up
to a certain level comparable to the longer time heat treatment,
is not dPsirnhle due to the fast degradation effect.
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5.3 Effects of Preparation Temperature of CdS Films
CdS films prepared under different spraying temperatures were
used to form CdS-Cu2S junctions and their results in Voc and Jsc
were compared and shown in Figs. 5.11 to 5.14. A general trend
that films of higher preparation temperature would give lower
open-circuit voltage and short-circuit current. Results in Figs.5.11
and 5.12 were recorded from cells with a Cadmium sulphide thickness
of 2 to 3 m while the film thickness in Figs.5.13 and 5.14 was
around 4 to 5 m. In all these four figures, peaks were observed
at a temperature between 200°C to 250°C. From Figs. 5.11 and
5.12, the lowering of Voc and Jsc in those cells with higher
spraying temperatures (over 250°C) is more obvious. For cells
of greater film thickness (45 m, see Figs. 5.13 and 5.14) the
open-circuit voltage is rather independent of films preparation
temperatures. Although, the results in Jsc still bear a difference
for different films preparation temperatures, (see Figs.5.14) it
is believed that the effect is mainly due to the high series
resistance. Results in films conductivity versus spraying temperatures
(Chapter VI) also give evidence to support this.
5.4 Open Circuit Voltage and Short Circuit Current Density
Large number of cells were made by the procedures described
in Chapter III. After a heat treatment of 15 to 20 minutes at
250°C, the open circuit voltage and short circuit current were
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measured. Table 5.1 gives the recordsof Voc and Jsc for various
cells fabricated on different substrates. The light intensity
used in all measurement is about 100 mw/cm2. A maximum snort
circuit current density of 10.2 mA/cm2 was achieved in cells, with
ITO as conductive substrates. Cells on Sn02 substrates are relatively
inferior compared with the cells on ITO substrates.
Table 5.1
Substrates Glass Sn02 coated glass ITO coated glass
max. Voc 0.48v 0.36v 0.42v
max. Jsc 2 mA/cm2 8.1 mA/cm2 10.2 mA/cm2
average Voc 0.42v 0.3 v O.34v
average Jsc 1.2 mA/cm2 5.8 mA/cm2 8.2 mA/cm2
5.5 I- V Characteristics
I-V Characteristics of a solar cell marks the performance of
the cell. Various cells (over a hundred) fabricated under different
conditions had been used to plot the I-V characteristics. Some
results were summarized in Figs.5.15 to 5.19. Figs. 5.15 shows the
light and dark I-V characteristics of a cell fabricated on ITO
substrate before and after the formation of electrodes. The adding
of electrodes reduced the serious resistance, thus led to an i'tc.rcase
in a factor of 3 to 5 in short circuit current. Sometimes a
a multiple of 10 in short circuit current was found also. Shunt
resistance had also been reduced, a corresponding decrease in Voc
was observed. Cells fabricated on thinner films( 3um) usually
showed a greater reduction in shunt resistance after the adding
95
of electrodes. The film thickness of the cell recorded in Fig. 5.15
was about 4.5um. Measurement was done after a heat-treatment of
15 minutes in N2 atmosphere at 250°C.
Dipping time did affect the I-V characteristics of a cell.
Four I-V curves of different dipping time were shown in Fig .5.16. The
CdS film used in Fig. 5. 16 possessed a thickness of 6um and was
sprayed at 250°C. All cells had been heat-treated for 15 minutes at
250°C. It can be observed that longer dipping time would reduce
the series resistance of the cell. However, shunt resistance was
relatively constant. Prolonged dipping (15 seconds) resulted in a
reduction in both series and shunt resistances and it was found
not suitable to prepare efficient cells. The cut-in voltage was
found relatively independent of dipping time from 1 to 5 seconds.
Fig.5.17 shows the I-V curves of two cells fabricated on CdS
films sprayed at different temperatures (200°C and 320° C). The
film thicknesses of both cells were about 3um. Dipping time was
2.5 seconds. Heat treatment time was 15 minutes at 250°C. From
o
the figure, films prepared at 320 C resulted a higher series
resistance and thus, a lower short circuit current. Shunt resistance
was again, quite independent.
I-V characteristics of cells on different conductive substrates
(SnO2 coated glass and ITO coated glass) were compared in Fig.5.18.
The two cells were sprayed in the same lot at 200°C and heat-
treated for 10 minutes at 250°C before any measurement. The solid
lines were light and dark I- V curves of the cell fabricated
on tin oxide coated glass. From this figure and many other measured
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reults, cells fabricated on tin oxide coated glasses usually his a
low open circuit voltage comparing with cells fabricated on indium
tin oxide coated glass. One explanation is that the surface of the
self-prepared tin oxide is not so uniform as the indium tin oxide.
This gives a greater chance of leakage. It was also found that in
Fig.5.18, the shunt resistance of the cell on tin oxide substrates
was comparatively lower.
Fig-5.19 gives the I-V curves of one of the best cells. The




20 minutes in N2 at 250°Cheat-treatment
The open circuit voltage is 0.36V with a short circuit current
density of 10.04 mA/cm2. The fill-factor is 0.51.
5.6 Dependence of Voc and. Jscon light intensit r
The photovoltage and photocurrent versus light intensity were
plotted in Figs 5.20 and 5.21. Also included in the figures are
the comparision of the dependence for cells fabricated on different
substrates(glass, Sn02 and ITO). The fabrication parameters of
the cells recorded in these two figures are
2-34mfilm thickness
film spraying temperature 300°C
2.5 secondsdipping time
15 minutes in N2 gas at 250°Cheat treatment
A near linear relationship was observed at lower light intensity
in both figures. Under strong light, saturation effect was found.
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Theoretically, Jsc depends linearly on light intensity, while Voc
depends on the logorithm of the light intensity. Strange of all,
the open circuit voltage of some cells will depreciate with increasing
light intensity (as shown in Figs.5.20). Futher discussion will
be given in the next chapter.
It was also found that cells fabricated on film sprayed at
different temperature would give different relationships between Voc
and light intensity. The curves in Figs.5.22ashow that the cells of
lower spraying temperature would give more likely a logarithm
dependence of Voc on light intensity. The corresponding short
circuit curves were given in Figs.5.22bin which a linear result
was found.
5.7 Spectral response
All spectral response measurements were done with back walled
cells. That is, the incident light penetrated the cadmium sulphide
before reaching the junction. Back walledcells were used because in
most of the measurements in Voc and Jsc, they were found to be
more advantageous comparing with front wall cells. Fig.5.23 and
5.24 give the spectral response of the open circuit voltage (Voc)
and short circuit current (Jsc) of a typical cell fabricated on
indium-tin oxide coated glass. The fabrication parameters are
CdS film thickness 4 m
CdS film spraying temperature 300°C
dipping time 2.5 seconds
heat treatment 15 minutes at 250°C
The Voc of the cell was measured to be 0.32V with Jsc having the
value of 7.5 mA/cm2 under AM1 light intensity. The peaks of Voc
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and Jsc were found to be at the same wave length at 0.7um. All
back walls cells would give a rapid decrease in response for
wave length shorter than 0.5um. A same result had been stated by
49Siu
In order to investigate the difference in spectral response
of different dipping solution temperatures, the two figures (5.23
and 5.24) include the responses of two cells which were formed by
same piece of CdS film. The results in the figures show that,
in the range of 80°C to 95°C, cells' performance is independent
of the dipping solution temperature.
Similar measurements was done to the cells with tin-oxide
(Sn02) substrates. Results were shown in Figs. 5.25 and 5.26.
Fabrication parameters of the measured cells are
CdS film thickness 5um
200oCCdS film spraying temperature
2.5 secondsdipping time
15 minutes at 250oCheat treatment
The recorded Voc and Jsc were 0.34V and 6.0 mA/cm2 respectively.
Although a slight difference is observed in the response of 80°C
and 95°C, it is believed that the effect is due to other factors
such as electrodes, leakage and nonuniformity of the film surface.
The response of cells fabricated on thicker films (8um) were also
measured and plotted in Fig.5.27 and 5.28. The parameters of the




15 minutes at 250°Cheat treatment
0.4 vVoc
9.6 mA/cm2Jsc
dipping under two solution temperature (85oC and 95oC) on the
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It was found that thicker' films would give a broader response in
Voc. Jsc did not show any improvement under the dim light intensity
in the measurement, however, under an intensity of 100mW1cm2, the
short circuit current of the cell was found to be greater than
the two in previous measurements. (see Fig.5.24 and 5.26) This
may be explained in terms of the dependence of the cells' series
resistance on light intensity.
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FIGURE CAPTIONS
5.1 Voc versus dipping time for cells fabricated on glass
substrates.
5.2 Jsc versus dipping time for cells fabricated on glass
substrates.
5.3 Voc versus dipping time for cells fabricated on indium-
-tin oxide coated glass.
5.4 Jsc versus dipring time for cells fabricated on irdium
-tin oxide coated glass:.
5.5 Voc of cells fabricated on glF.,ss substrates versus heat
treatment.( with electrodes)
5.6 Jsc of cells fabricated on glass substrates versus heat
treatment.( with electrodes)
5.7 Voc of cells fabricated on ITO coated (lass substrates
versus heat treatment(o-with electrodes, wit electrodes, -witt no
electrode)
5.3 Jsc of cells fabricated on ITO coated glass substrates
weris jeat treataemt (o-with electrodes, -with no
electrode)
5.9 Degradation effect of Voc when exposed in air( o- a
cell heat-treated for 5 minutes, o-a cell heat-treated
for 15 minutes)
5.10 Degradation effect of Jsc when exposed in air( o-a
cell heat-treated for 5 minutes, A- a cell. heat-treated
for 15 minutes,)
5.11 Voc of cells fshuicated on films of 2-3 um thick and
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deposited at different temperntures (all cells ware
dipped for 2.5 seconds and heat-treated for 15 Finutes
in N2)
5.12 The corresponding Jse of cells for Fig. 5.11
5.13 Voe of cells fabricated on films of 4-5um thick and
deposited at different temperatures (all cells were
dipped for 15 minutes in N2)
5.14 The corresponding Jsc of cells for Fig. 5.13
5.15 I - V curves of a cell before and after the forming of
electrode.
5.16 Dark I - V curves of cells with different dipping time.
5.17 I - V curves of two cells fabricated on filns of cifferent
deposition temperatures (200C and 320C)
5.18 I - V curves of two cells fabricated on different type
of conductive substrates (A-ITO substrate, B-SnO2
substrate)
5.19 I - V curves of one of the best cell with Voc= 0.36 V,
Jsc = 10.04 mA/cm2.
5.20 Dependence of Voc upon light intensity (glass
substrate, o-ITO substrate and X - SnO2 substrate)
5.21 Dependence of Jsc upon light intensity ( glass
substrate, o-ITO substrate and x-SnO2 substrate)
5.22 (a) Dependance of Voc for cells fabricated on Cds films of
different deposition temperatures (200C, 0-320C)
(b) Dependence of Jsc for cells fabricated on CdS films of
different deposition temperature (200C, 0-320C)
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5.23 Voc spectral rcsponse for cells dipped at 85°C and 95°C
( ITO Substrate, 320°C deposition temperature )
5.24 Jsc spectral resonse for cells dipped at 85°C and 95°C
( ITO substrate, 320°C deposition temperature )
5.25 Voc spectral response for cells dipped at 80°C and 95°C
( SnO2 substrate, 200°C deposition temperature )
5.26 Jsc spectral response for cells dipped at 80°C anad 95°C
( SnO2 substrate, 200°C deposition temperature )
5.27 Voc spectral response for a cell fabricated on thicker
CdS films ( 8 m )
5.28 Jsc spectral response for a cell fabricated on thicker
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RESULTS OF SPECIAL EFFECTS
In this cahpter, results of two special photovoltaic systems
are presented. In Section 6.1, the structure and electronic
properties of CdS thin films with ZnS added were studied. Section
6.2 gives the data of the photovoltaic system formed when Zn is
added CdS films. Multi layered of CdS thin films were also studied.
The results are given in Section 6.3 and finally, the effects of
using Indium and Aluminium electrodes were investigated in Section
6.4.
6.1 Effects of Zn added
Adding Zn to CdS films show a colour change to greenish-yellow.
The structure of crystal grains under scanning electron micscope
was shown in Figs.6.1a-b. It was observed from the scanning electron
micrographs that the crystal grain size of films deposited at 300oC
did not change appreciably when 5% Zn was added. The structure of
the grains was quite similar to that of the films of deposited at moderat
temperature (Figs.4.9a-c). A definite decrease in grain size was
observed when 10% was added (Figs-6.1b)
Conductivity of the CdS films with different percentage of
ZnS added was measured and shown in figs.6.2. Conductivity was
found to decrease slighty with 10% of Zn added. There was a rapidly
drop for the 20% Zn data. Both dark and light data were included
in figs6.2. It was observed that light conductivity reduced sharply
with increasina Zn concentration.
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Spectral response of the photocurrent (with different% of Zn)
was shown in Figs.6.3.
The data corresponding to 5% and 10 Zn showed a relatively
higher short wavelength response than that of 20% Zn. A slight
shift of the peak towards short wavelength with increasing percentage
of Zn was observed. The figure suggested that the decreasing light
sensitivity found in (dS films with 20% Zn added to CdS thin film
was a consequence of the reduction in short wave response.
Carrier density data in Figs.6.4 shows,that carrier increases
with increasing Zn percentage. The rising tendency seems to
flatten when Zn concentration was above 10%. Carrier densities
were calculated from the measured thermoelectric power.
Mobilities were also calculated and are shown in Figs.6.5.
Addition of Zn resulted in a decrease in mobility. A sharp
mobility drop also occured when 20% Zn was added.
6.2 Cells fabricated on Zn added CdS films
-xS (x=0.9 for 10% Zn added) film had beenHomogeneous CdxZn1_x S
used to fabricate photovoltaic cells. Cells performance were
measured in terms of Voc and Jsc and recorded in Table 6.1.
From the table, the maximun open-circuit voltage (Voc) was found
to have almost the same value as those best cells recorded in
Chapter 5. However, there was a clear increase in the average
open-circuit voltage. Cells fabricated on Zn added CdS films always
possess a higher yeild and a higher open-circuit voltage.
A clear drop in short-circuit current density can be noticed
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with increasing percentage of Zn added. This may be due to the
combined effects of an increase in series resistance and also the
change in series resistance with light.
Films with a layer of Cd x Zn 1-x S sprayed on the top of
conventional chemically-sprayed CdS films were prepared and used
to form photovoltaic cells. The thickness of CdxZn1-xS layer was
controlled by the amount of spray solution. 200m1. spray solution
would (at 200 0 C) give a thickness of 1.5 um. In this kind of
photovoltaic system, the largest value of open. cit Oui t voltages
(0.436v) was recorded. In general, it was found that this system
had higher open circuit voltages but the decrease in short circuit
current was less as the case in hornogerieoas CdxZn1- xS-Cu2S
system. The maximum current density achieved in this kind of
photovoltaic cell is about 8mA/cm2
Spectral response of Voc and Jsc of the above mentioned
CdxZn1-xS-Cu2S systems were measured. Fig.6.6 shows the open
circuit photovoltage response curve for a cell of homogeneous
cadmium zinc sulphide (5% Zn) system. The response was found to
be very similar to that of conventional CdS-Cu2S pIho tovolai cells
and had a peak at 0.7um. Fig.6.7 shows the response of short circuit
photocurrent of the same cell. The parameters of the cell are:
% of ZnC12 in spray solution
Cd Zn S film thickness
film spraying temp-e cature
dipping time
heat treatment
Voc (under AM1 intensity)









Figs.6.8 and 6.9 show the Voc and JsC spectral response of
a homogeneous CdxZn1-xS photovoltaic cell when x=0.9. The two
figures show that both Voc and Jsc response are relatively
narrower than the response of conventional CdS-Cu2S systems
(Figs. 5.23 to 5.28). The peak in Voc was found to hav a slight
shift towards shorter wavelength (0.6um). Most of the conventional
CdS-Cu2S photovoltaic cells will give a peak at 0.7um. There is
also a decrease of the peak value of t he Jsc response. A
greater difference between the peak and the valley of the spectral
response curve was observed. The parameters of the cell recorded
in Figs.6.8 and 6.9 are





Voc (under AM1 intensity)





15 minutes at 250C
0.37V
3.06mA/cm2
Fig.6.10 gives the Voc spectral response of a CdS-CdxZn1-xS-Cu2S
cell and the Jsc response is shown in Fig 6.11.The two figures
are similar to Figs.6.66 and 6.67. However, the response of Jsc
has with a much higher peak value and is also much broader
comparing with that shown in Fig.6.7. The cell used in the
measurements of Figs.6.10 and 6.11 has the following parameters.
thickness of CdS substrate
thickness of CdxZn1-xS layer
% of Zn added to upper layer
dipping time
heat treatment
Voc (under AM1 intensity)









I-V characteristics of a homogeneous CdxZn1-xS-Cu2S solar cell was
plotted in Fig.6.12. 10% Zn had been added to this cell.
Fig.6.13 is the I-V characteristics of a CdS-CdxZn1-xS-Cu2S solar
cells. The light series resistance of the cell (Fig.6.12) was
found to be 375. In conventional CdS-Cu2S solar cells, the series
resistance usually lies between 50 to 250. This explains the low
short circuit current found in this kind of cells. Shunt resistance
of the homogeneous CdxZn1-xS-Cu2S solar cells was also higher. The
series resistance of the cell shown in Fig.6.13 and a value of 206
This type of cells can achieve a high open circuit voltage and a




















0.22V (best 12 cells)
1.2mA/cm2
6.3 CdS films of multi-deposited layers
A Low deposition temperature gives a high deposition rates and
high mobility films. Cells fabricated on films deposited at low
temperatures around (200C) always suffer from the effects of a low
shunting resistance. This leads to a drop in the open-circuit voltage.
Cells fabricated on high spraying temperature films(over 350C)
may have a high value of shunting resistance, but it is very difficult
to prepare films of sufficient thickness for cells fabrication. In
order to ultilize the advantages of the two types of film, films of
multi-deposited layers were prepared.The preparation procedures are as the
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follows. First, a thin layer of CdS was formed by chemically
spraying method on an indium--tin oxide coated glass at a high
substrate temperature of 350°C. Then, the substrate temperature
was lowered to 200°C, another layer of CdS was formed by spraying
on the top of the former CdS layer.
The structure of this kind of films was very similar to those
deposited at low temperatures. Fig.6.14 shows a scanning electron
micrograph of these films. Ridges note on the surface. The colour
of the film was reddish-yellow.
Films with multi layers prepared using the above mentioned
method always posses high conductivity and mobility as the films
where sprayed at low temperatures. Another feature is that they
were not very sensitive to light intensity. The measured values
of conductivity, carrier density and mobility concide with the
values of films sprayed at low temperature.
Fig.6.15 shows a plot of the Voc versus the dipping time for
cells fabricated on this type of films. Results of different
proportion of the spraying solution used in the two CdS layer
were included in the figure. Curve A( labelled in the figure)
core esponds to a proportion of 200m1: 600m1. In terms of
thickness, this will give appoximately 1um thick of the high
temperature layer on a 6um low temperature layer. The
proportions of spray solution used in curve B and curve C were
also given in the figure. A maximum Voc value occured in
curve A with 5 seconds of dipping time. A peak was also found in
curve C for a dipping time of 1 second. A clear conclusion drawn
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from this figure is that films of different thicknesses require a
different optimal dipping time. No apparent reason can be suggested1
to explain the low Voc values in curve B other than possible
factors in related to cell formation and electrode evaporation.
The corresponding short current density curves were shown
Fig.6.16. A similar observation as in Figs. 5.16 was found. One thing
must be stated is that the cell with 1 second dipping time in
curve C is the only cell, with a film thickness of 3,,'m, that can
attain a short circuit current density of approximately 10 mA/cm2.
Data from other cells fabricated on films of multi-deposited
layers also suggested that relatively higher values of Jsc can be
achieved in thinner substrate thickness( 44m) by using this
kind of films. 10 mA/cm2 was also found in a thicker film (curve A)
at a dipping time of 5 seconds.
The spectral response of Voc and Jsc of a cell formed on a
multi 'layer film were shown in- Figs.6. 17 and 6.18. The cell
parameters are listed below:
Thickness of high temperature film j( m
Thickness of low temperature film 2,,Am
1 seconddipping time
heat treatment 15 minutes at 250°C
Voc (under AM intensity) 0.34v
Jsc (under AM1 intensity) 8.2 mA/cm2
Both the Voc and Jsc showed a slighty broader spectral resMonse.
Although the broadening was not so obvious compared 'zith cells
fabricated on thicker films (8im, see chapter 5), an improvement had
been certainly achieved in comparision with cells fabricated on
thinner. films. Cells on thick multi layer films did not give
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a significant difference from those fabricated on the thick
conventional CdS films.
6.4 Effects of electrodes of different metals
Two metals Aluminium and indium had been used as electrodes
and the results were compared in Figs.6.19 and 6.20.
The two cells were fabricated on the same CdS film with
different electrodes (Al and ln) and heat-treated in a furnance
at 250°C in N2 atmosphere. Measurements of short circuit current
were done after every 5 minutes of heat treatment. Fig.6.19 shows-
the heat treatment results. The open circuit voltage data was
shown in Fig.6.20. It clearly indicated that indium electrodes
have a dominant advantage over the Aluminium electrodes.
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FIGURE CAPTIONS
6.1(a)Scanning electron micrograph of a CdS film with 5% Zn
added at a deposition temperature of 300C.
(b)Scanning electron micrograph of a CdS film with 10% Zn
added at a deposition temperature of 350C
6.2 Condurtivity versns % of Zn added.
6.3 Spectral response of photo-conductivity for different
% of Zn added.
6.4 Carrier densities of CdS films for different % of Zn added.
6.5 Light mobilities of films for different % of Zn added.
6.6 Spectral response of photovoltage for a cell with 5% Zn
added.
6.7 Spectral response of photocurredt for a cell with 5% Zn
added.
6.8 Spectral response of photovoltage for a cell with 10% Zn
added.
6.9 Spectral response of photocurrent for a cell with 10% Zn
added.
6.10 Spectral response of photovoltage for a CdS-CdxZn1-xS-Cu2S
solar cell.
6.11 Spectral response of photocurrent for a CdS-CdxZn1-xS-Cu2S
Solar cell.
6.12 I-V characteristics for a 10% homogeneous CdSxZn1-xS-Cu2S
solar cell
6.14 Scanning electron micrograph of a CdS films with a low
6.13 I-V charaiertiaiea for a Cds-Csx2n1-x3-Ca2S sein cell
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temperature deposited layer on the top of a high
temperature deposited layer( films of multi-deposited
1ayerc).
6.15 Voc versus dipping time for cells fabricated on different
thickness of CdS films of multi-deposited. layers.
6.16 Jsc ve s.us dipping time for cells fabricated on difererit
thickness of CdS films of nmulti-deposited layers.
6.17 Spectral response of photovolta e of a cell farricated
cn a CdS films of multi--deposited layers.
6.18 Spectral. response or photocurrent of a cell fatricayted
cn a CdS film of rmiti-deposited layers.
6.19 Current density versus heat treatment time for cells
different electrodes.
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DISCUSSION OF THE RESULTS
7.1 CdS thin films.
7.101 Structure and deposition rate
Our results have given clear indication that the film structure
as well as the electronic properties of chemically-sprayed CdS films
are very sensitive to the conditions of preparation. The surface
appearance including crystal grain size and shape, varies with the
deposition temperature, the types of substrates used, as well as the
film thickness. In general at least 3 types of film structure could
be identified for the range of substrate temperatures considered.
They correspond to the micrographs shown in fig.4.6a-c. The micrograph
shown in fig.4.6a is a film deposited of 200 0 C. This type of 5lnis dye
normally formed at a rapidly deposition rate and the surface
appearance is rough. Ridges often appear connecting the crystal.
grains. Optically, these films are almost orange in colour. A
second type is formed at substrate temperature around 300°C.
These films have orderly structure and fairly well defined crystal
grains could be indentified. The grain size varies with film
thickness. The film colour is reddish-yellow. These two types
of films normally form good photovoltaic cells. The last type is
deposited at high substrate temperature around 370°C and the film
growth rate is relatively slow. In some instances, growth rate
almost stops beyond a few microns. These films are bright
yellowish in colour. The crystal grain boundaries appear 'fuzzy'
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and the grain size does not vary appreciately with film thickness.
For a substrate temperature around 4500C (during spraying), films
can hardly formed. Experiment show that, at such a temperature, a
very thin layer of CdS is firstly deposited and then gradually
disappears from the substrate due to unknown reasons under further
spraying. We believe that, in our spraying process, high substrate
temperature is not suitable. From the surface appearances, it
seems that for films deposited at the same substrate temperature, no
apparent difference exists whether the films are deposited on
glass or conducting oxide coated glass as long as the substrate is
smooth. No apparent difference in growth rate has been observed
neither. Films deposited on coarse substrates have been found to
give a faster deposition rate but also a somewhat poorer crystal
grain structure. This information is reflected from the results of
deposited on tin oxide coated glass which is prepared in our
laboratory.
7.1.2 Effects of electronic properties on spraying temperature
It should be pointed out that the carrier densities and
mobilities measured in this work are different from the previous
results reported by Siu 49 The carrier densities measured in
(Fig.4.16). The high carrier density is probably due to the
impurities introduced during the long time spraying process. In
order to spray 600 ml. solution, six hours would be required.
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Although low values of carrier density( 1017) can be found in
those films with thickness smaller than 1,u m, for the interest of
forming good photovoltaic cells, we only consider films with thickness
ranged from 1.5gm to 10,4m. The variation of carrier density
with film thickness shown in Fig.4.14 is not very significant so
we believe that for thicker films, carrier density is apparantly
independent of thickness. Because of its high carrier density, it
is found that the change due to illumination is insignificant.
The conductivity of films sprayed at 200°C (Fig. 4..6a) is
high and rather insensitive to illumination (Fig.4.13). The
spectral response for these films is also insignificant (Fig.4.19).
Films sprayed at 300°C(Fig.4.6b)show a reasonably high conductivity
with a good degree of photosensitivity. The spectral response is
typical that of CdS polycrystalline films and has a small extension
into the energy gap. Films with high deposition temperature (370°C,Fig.
4.6c) show a sharp cut off at the bandedge in spectral response.
These films are highly photosensitive.
As it has been assumed that carrier density remains constant
under illumination, the-photosensitivity of conductivity is thereby,
totally. reflected by the variation in mobility. High film mobility
ircheUically-sprayed CdS films are normally found in thick films
deposited at low substrate temperatures. This seems to be related
to the more orderly structure for films deposited at low temperatures.
At very low deposition temperature (200°C), however, another
phenomenon comes in as the crystal grains become merged through
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'ridges' (see Fig.4.6a) Such 'ridges' actually connects the crystal
grains and in effect removes the intergrannular seperations.
Thus film mobility rises.
Film deposited at low temperatures have also been found to
be more stable and resistant to atmospheric and Chemisorption
effects. There is however, one major short-coming for these films,
i.e. these films tend to have very undulatory surfaces. It has been
observed that the'ridges and valleys' found in these films are
somewhat unfavourable for the formation of photovoltaic cells. It
has been noted that the 'undulatory contour' could introduce
unnecessary series resistances and cause difficulties in the
formation of electrodes. Thus, on the one hand, low deposition
temperature gives high deposition rates and high mobility films
while lat the same time, it introduces high resistive regions in
photovoltaic cells.
The change in film mobility with thickness shows a marked
difference between the present results and the previous results by
Siu 49. Siu suggested that film mobility becomes less light
sensitive as the thickness is increased while the present measurement
indicate that light sensitivity in film mobility remains constant
up to a thickness of 7 microns. Although the range of thickness
covered in the two results are not the same, the overlap (1-2
microus) still clearly marks this difference. (see Fig.4.1 w)
exn-lained the reduction of mobility photosensitivity of thicker
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films in terms of the decrease in potential barrier between
grain and intergranular layer due to the heat treatment during the
long spraying time required to prepare thicker films. However,
the present mobility data of films with same thickness but
different deposition temperatures, and also the results shown
in Fig.4.17, indicate that deposition temperature is a highly
dominant factor affecting the photosensitivity of mobility. Base
on the above arguments, if one assumes that the present results are
more correct, (also, the range of thickness covered is much
broader), it is tempting to suggest that the previously observed
in light sensitivity with film thickness could possibly be due
to a decrease in film deposition temperature. Such a decrease in
substrate temperature sometimes occurs when the spray-rate goes
up for unforeseen reasons and would result in films with a
lower light sensitivity.
7.1.3 Effects of heat treatment
Carrier densities of films deposited at low temperature are
apparently constant after heat treatment. A slight increase in
carrier densities are observed in high deposition temperature
films, for films with a thickness smaller than 1 micron, the
increase is more obvious. These results may be explained by the
following reason..
As we believe that heat treatment could result in areduction of oxygen.
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chemisorption, film thickness could be is a very important
factor controlling the electronic properties of the film
especially for thicknesses smaller than 1 micron
Thus, heat treatment could result in a higher degree of variations
in the electronic properties of this films. In other words, the
effects of oxygen chemisorption in the thicker films are not so
serious.
For the range of thicknesses which we are interested,
we can still assume that the carrier density is relatively
independent of heat treatment.
From Fig.4.18a, conductivity shows a tendency to increase
with heat treatment. As it has been assumed in the previous
paragraph, carrier densities are independent of heat treatment,
we can expect that the dependence of mobility obeys the same
curves as conductivity. A decrease in conductivity under prolonged
heat treatment was found. Such an observation was also found by
Siu 49 and interpreted as a result of oxygen absorption during
heat treatment. However, we believe that electrodes on the film
surface play an important part in the whole heat treatment
process. As all the measurements shown in Fig.4.18a were done
with samples having indium electrodes before heat treatment, two
effects due to the presence of electrodes may exist. The first is
that, after a long time of heat treatment, part of the indium
electrodes would be removed due to the high temperature. This
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causes a decrease in the conductance measurement, and offers an
explanation to the above mentioned decrease of conductivity under
prolonged heat treatment. The second is, the indium metal will
diffuse into the CdS bulk during heat treatment, and thus,
increase the conductivity of the film. An experiment had been
done to varify the above statements. A large piece of CdS film
was slided into small pieces, it should be noted that no electrode
was formed at this stage. The small pieces of CdS film were then
heat-treated for different hours. Electrodes were formed after
the heat treatment, and films electronic properties were measured.
This experiment can remove the effects due to the presence of
electrodes. Results of the measurements (Fig.4.18b) show that
conductance under prolonged heat treatment is saturated rather
than decreased. It has been also found that the amplitude of
increase in conductivity due to heat treatment is not so large as
found in Fig.4.18a. Carrier densities measured in this experiment
were found almost the same as in Fig.4.19.
7.2 CdS-CuS Solar cells
7.2.1 Dipping time and film thickness
From our results in Fig.5.1 to 5.4, a clear indication that
thicker CdS films require longer dipping time in order to obtain
optimal values in Voc and Jsc. It is believed that for
our CdS-Cu2S solar cells fabricated on the same type of CdS films,
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series resistance,shunting resistance and light absorption are
the three main factors controlling the performance of the cells.
As pointed out by Lindguist and Bube 28 that the thickness of the
Cu2S layer varies roughly linearly with dipping time in single
crystal. This indicates that the growth rate is controlled
by interface reaction rather than diffusion through Cu2S layer.
We believe that it is also true for our case as micro-cracks
perpendicular to the interface could permit-the continual passage
of Cuprous ions into the cadmium sulphide bulk.
Also,a short dipping time in our case (below 10 seconds) would
lead to a good linear approximation. An increase of Cu2S thickness
resulted from a long dipping time certainly reduces the serious
resistance of the solar cell so as higher short circuit current
density can be achieved. If the CdS film is relatively thin, a
long dipping time may introduce a higher probability of shunting the
junction with the conductive substrate. A too thin layer of
Cu2S will also provide a much higher chance for the electrode on
Cu2S surface to shunt the CdS-Cu2S junction. This explains the
obtained result that higher open circuit voltage was found in cells
with longer dipping time on thicker CdS films. Another important
cause is the diffusion of the electrode metal.
The results of heat treatment pointed out that t lee
presence of electrodes before heat treatment will lead to a
depreciation of Voc and Jsc of the cell. This effect is
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Probably due to the diffusion of indium metal through the Cu2S
layer so as to shunt the junction. A thicker layer of Cu2S will
reduce the influnce of such an effect.
Back wall cells have been shown in most of our measurements to
have a better performance in Voc and Jsc than the front wall cells.
It is believed that back wall cells posses the following advantages.
i. The allowance of evaporating electrode on the whole
surface of Cu2S, thus, series resistance is reduced.
ii. A better proportion of the electron-hole pairs generated
by photons less than 2.4 eV is ultilized. It is because
photons falling on the solar cell are mainly absorbed by
the front part of Cu2S in front wall cells. Only those
electrons within one diffusion length near the unction
make contribution to the photocurrent. For back wall
cells, as light comes in from the CdS side, photons with
energy less than 2.4eV which are not absorbed by CdS,
fall on the junction first and thus higher proportion of
photo-excited electrons are ultilized.
iii. The advantage stated in (ii) provides a chance of making
use the thicker films with longer dipping time in the
formation of CdS-Cu2S solar cells. This kind of system has
a better control of shunting resistance so the open circuit
voltage can achieve a higher value.
The above mentioned reasons give the explanations why there is
an improvement in Voc and Jsc over the results. obtained by Siu49.
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?.2.2. Heat treatment
It has been well known that heat treatment results in a diffusion
of copper from cuprous sulphide to cadmium sulphide 29' 49, 50 The
copper diffusion leads to the formation of i-CdS layer which
consisted of deep copper acceptors. The rises of Voc and Jsc
after heat treatment may be explained in terms of the i-CdS layer.
(i) The presence of i-CdS layer introduces deep acceptors
of diffused copper centers near the interface and reduces
the probability of recombination of holes with tunneled
or thermally excited electrons from the bulk CdS. On
the other hand, these hole trappi_zg centres, under
illumination, reduce the width of the CdS depletion layer.
It results an increase in the building up in the electric field
of the junction, thus electrons are assisted from Cu2S
to CdS to give higher photoresponse.
(ii) The nature of i-CdS is highly resistive and photoconductive.
This highly resistive layer decreases the shunt loss
by increasing the shunting resistance.
The reduction of photo-response for over heat treatment may
be explained by
(i) The diffusion of copper from Cu2S to CdS reduces the
concentration of copper in1 Cu2S. This will give higher
proportion of 'Djurleite in the Cu2S layer and decrease the
long wave response.
(ii) Cells of over heat treatment all show a clear lowering
of shunting resistance. This may be due to the shunting
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path caused by diffused copper.
(iii) Cells with electrode formed before heat treatment show a
clear indication that it shortens the heat treatment
time to reach the peak but the peak in Voc is relatively
lower than the cells with no electrode during heat
treatment. In case of over heat-treated cells, their
photoresponse declines faster also.(see Fig.5.5 to 5.8).
It is evident that the presence of electrodes during
heat treatment will cause a diffusion of the electrode
metal to shunt the junction. From our results, it is
advised that electrodes should be formed after heat
treatment.
From Figs.5.9 and 5.10, it has been found that longer time of heat
treatment would result a more stable photoresponse in Voc and Jsc.
We believe the increase in stability is basically due to the following
reasons.
(i) As stated by Wu and Bube4, the chemisorption of
oxygen was reduced due to the presence of the low
conductivity layer of diffused copper hole-trap centres.
The longer time of heat treatment certainly promotes
the thickness of the i-CdS layers and thus stabilize
the cell from chemisorption of oxygen.
Chemisorption of oxygen is the main factor of
degradation in a sense that oxygen in Cu2S will oxidise
the excess sulphurs to copper sulphide (CuS), copper
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oxide (CuO) may also be formed. It will cause a decrease
in long wave absorption and an increase in series resistance
of the cell. Also, oxygen in cadmium sulphide will act
as electron trappers. These electron-traps near the
interface will reduce the electric field of the junction.
(ii) Another effect of degradation is due to the diffusion of
the electrode metal to provide shunting path. Records of
the cells with electrode on Cu2S show a faster degradation
in Voc and Jsc than the cells without electrodes. We
believe that, as the Cu2S layer is relatively thin,
(0.5 ~ 1 micron by estimation), diffusion of metal indium
to shunt the junction may occur at room temperature.
7.2.3 I-V Characteristics
Similar to Siu's results 49, cross over occuring at the
exponential part of the I-V curve was found. Such an effect is
interpreted as a result of enchancement of junction electric field
due to the presence of i-CdS layer acting as hole-traps. (see Fig.
5.19).
From Fig. 5.15, it has been found that longer dipping time
will give a lower series resistance in the dark. We may conclude
that the dark series resistance is mainly the resistance of CdS
bulk. Fig-5.17 gives evidence to support this idea. As
claimed in the previous paragraph, films deposited at high temperature
possess high resistance. Fig.5. 17 shows that a higher series
resistance is found in cells fabricated on a high deposition
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temperature films. In other words, bulk CdS is the main source of
series resistance. From the light and dark I-V curves, series
resistance is found to decrease with.increasing light intensity.
The reduction is a combined result of i-CdS layer and bulk CdS.
The light series resistance of the cells ranged from 40 to
300 ohms.
Shunting resistance has been found depending on light intensity
in a way that it decreases with increasing light intensity.
However, it is relatively independent of the film deposition
temperature (Fig. 5. 17).
7.2. 4 Dependence of Voc and Jsc on light intensity
Although the mechanism of a heterojunction is more complicated,
it has been found experimentally that the dependence of Voc and Jsc
on light intensity is similar to that of an ideal homojunction.
Equations of the homojunctions are used to help to explain the
findings in our results. From Fig.5.21, a saturation of Jsc is
found in strong light intensity.
Eauation 2-19 gives
(7.1)
Practically, the shunting resistance of oux cells is at least
10 times as large as the series resistance. There, the equation
can be simplified in the form:







With the help of the above equation, the saturation in Jsc may be
explained as a combined result of Jsc Rs loss and the saturation in
Jg. Under dim light intensity, Jsc Rs loss can be neglected
because of low Jsc value, and the Jsc shows a linear dependence
upon light intensity because the equation can be further simplified
as
(7.2)
in which g can be considered as directly proportional to light
intensity.
For strong light condition, the generation rate (g) may also
have saturation effect, and the magnitudes of Ln and Lp may be
decreased due to the large number of electron-hole pairs generated,
Furthermore, Jsc Rs loss at this stage, cannot be neglected becaus(
of the large magnitude in Jsc. Thus, the linear dependence is
not obeyed anymore.
The degradation of Voc under high light intensity may be
explained as a result of saturation in Jg and the decrease in
shunting resistance. From equation 2.19 again, we have
(7.3)
For dim light condition, Voc is small and Rsh is comparatively
Voc
hJo can be neglected to givelarge, so that the-term Rs
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That is, Voc depends on the log arithmic of light intensity. However
for strong light illumination, increase in Jg becomes saturated,
while the value of shunting resistance reduces with a greater
proportion. Therefore, open circuit voltage drops down.
Open circuit voltage dependence for cells fabricated on low
temperature deposited films was found to be more logorithical
like (Fio.5.22). Applying equation 7.3, it is very likely that
this kind of cells posses a higher Jg/Jo ratio. As absorption
of light is mainly taken place in Cu2S, if we assumed that the
value of g in Cu2S of different cells is relatively constant, the
increase i.-,l Jg/Jo ratio may correspond to an increase in diffusion
length (L p) of the minority carriers in cadmium sulphide. (see Eq.
7.2)
7.2.5 Spectral resonse
All curves of spectral response show a peak at 0.6- 0.7i m
which corresponds to the direct band gap excitation: (1.8 eV) of
Cu2S. The rapid rise at 0.5,um is associated with the 2.4eV band
to band transition in CdS. Another rapid rise at 1.0,um is resulted
from the excitation across indirect gap of Cu2S which is 1.2 eV
wide.-
Different from the results of front wall cells measured by
Siu 49, the spectral response of our back walled cells does not have a
peak at 0.5,am. As the thickness of the CdS films of our cells are
higher, when light penetrates from the cadmium sui,Dhide side,
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absorption of the photons with energy greater 2.4 eV (o.5um) is
mainly taken place in the bulk of CdS which is several diffusion
lengths away from the junction interface. The generated electron-
hole pairs do have little contribution to the photo response of
the cells. Comparing Figs. 5.24 and 5.26, a more rapid rise in
photocurrent, although not very significant, is found at
0.5um for cells fabricated on low temperature deposited films.
That is to say the contribution of photocurrent due to the excitation
in cadmium sulphide is relatively higher for low deposition temperature
CdS films.
a
The cell fabricated on thicker films with longer dipping time
(Figs. 5.27 and 5.28) shows a much broader response in Voc. As
the peak at 0.7um did not show an upward shift, the broader response
is resulted from the increase in direct band gap excitation in
Cu2S (1.Oum, 1.2 eV) and the band to band excitation in CdS (0.5,um,
2.4 eV). Fig-5.27 indicates this fact evidently. The improvement
is considered as the advantage of engaging the long dipping time- thick
film system which results relatively a thicker layer of Cu2S
and a thinner layer of CdS. As the cell is illuminated from the
side of cadmium sulphide, a thinner layer of CdS will favour the
absorption of high energy photons (2.4 eV) near the interface and
the penetration of pi-ioto i with energy smaller than 2.4 eV to reach
Cu2S side. A thick Cu2S layer will give a better effecienc in
the absorption of long wavelength light.
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The current response in Fig. 5.28 did not show any inprovement.
This may be due to the high series resistance under dim light
illumination.
In fig. 5.23 to 5.26, the effect of varying dipping solution
temperature was also demonstrated, however, no significant
difference was observed in the temperature range of 80°C to 95°C.
7.3 Special Effects
7.3.1 Effects of Zn added
For CdS films aprayed at 300°C with 5% Zn added, crystal
grain size did not show an evident change, its size and structure
under the scanning electron microscope is very similar to the
films of moderate deposition temperature. However, films with
10%/Zn sprayed at a higher substrate temperature have a definite
decrease in crystal grain size. (Fig. 6.1a-b). That is, a higher
deposition temperature results a relatively smaller crystal grain
size. A same observation wat found in the deposition of 100% CdS
films. Another similarity is that the growth rate varies
inversely with the substrate temperature. We can conclude that the
deposition process is quite independent of the adding of Zinc.
Increasing in the percentage of Zn causes the colour of the
film to change to greenish yellow, and conductivity of the film to
decrease. From the figure of spectral response of photoconductivity
it can be found that with higher percentage of Zn, the absorption
peak shifts slightly towards the short wavelength and becomes
narrower. The curve for the 20% Zn added film in fig.6.3 has a
rather flattened peak.
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These o•bse.rvations suggested that a high percentage of Zn in CdS
film reduces the light sensitivity.
Carrier density of the film rises with the percentage of Zn
added (Fig-6.4). Also,., the drop in conductivity is a result
of a much sharper drop in mobility after the addition of Zn (Fig.6.5)
The drop in conductivity and mobility for films with Zn is
probably due to the following reasons:
(i) Carrier density was found to increase with the percentage of Zn.
We believe that the increase in carrier density is mainly in
the crystal grains. Although the conductivity of the crystal
grains is not measured, it is possible that it-does not have
a great change since carrier density is increased. Thus the
major factor for the conductivity drop is the effect of the
intergranular region. Higher Zn percentage may lead to a
thickening of the intergranular layer or even an increase in
the resistivity, of the intergranlar material.
(ii)A rise of the potential barrier between crystal grains and
intergranul.ar region may occur because of the increase in
carrier density of the grains. The equation relating the
potential barrier height and the carrier densities is
where fO potential barrier height
n1= carrier density of the grains
n2= carrier density of the intergranular material
It is clear that a rise in n1will give a corresponding rise
in 0
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The shift to short wavelength after the addition of Zn may be
interpreted as a result of widening the energy gap. As a matter
of fact, ZnS has a greater energy gap than CdS, it is expected
that ZnS raises the built in voltage of the junction. The decrease in
light sensitivity of the films may be due to the high resistive
intergranular materials which is insensitive to illumination. The
presence of ZnS widens the energy gap and may reduce the absorption
efficiency
Homogeneous Cdx Zn1-x S- Cu2S photovoltaic cells show a definite
decrease in short circuit current (Table 6.1). One reason is the
high series resistance introduced by the adding of Zn. Although,
a definite increase in maximum Voc has not been found, a rise in the
average Voc value is observed. In general, cells fabricated on
homogeneous CdxZn1-xS films usually give Voc in the range of
0.38 volts to 0.42 volts. This is a better result comparing
with Table 5.1. However we cannot claim at this stage that adding
Zn has a dominant advantage in producing cells of high open
circuit voltage because the small improvement may be due to the
reduction of shunting resistance.
The spectral response of this type of cells (Figs. 6.6 to 6.9)
has been found to have a greater difference-between the peak and
the minimum at long wavelength. A. slight shift of the peak towards the
short wavelength can be oberved. A narrowing in the spectral response
was found in these type of cells. The peak level of Voc was comparable
to those of the conventional CdS-Cu2S solar cells recorded in Chapter
V (Fig. 5.23 to 5.28)
178
The following suggestions may be found helpful in the
explanations of the above phenomena.
(i) The presence of Zn may have an effect of boardening the
direct band gap of Cu2S. It serves an explanation of the shift
of the peak.
(ii) Zn in CdS reduces the band to band excitation of CdS. From
Fig. 6.6,.and 6.8, it can be clearly noted that the levels at
0.5Mm (2.4ev) is lower than those in,Figs-5.23 to 5.28. Photo-
conductivity data oT the films (Figs-6.2 and 6.3) also give evidence
to support the above idea as Zn added CdS films are generally
less light sensitive.
(iii) Photoresponse of the conventional CdS-Cu2S solar cells
at very long wavelength can be interpreted as a result of the
presence of interface states. These interface states act as stepping
stones for electrons or holes excited by low energy photons.
The photo current of Cdx Zn1-x S-Cu2S solar cells were found to
have relatively low values at long wave spectrum. This indicates
that the effectiveness of the stepping stones (interface states)
is reduced by the adding of ZnS.
In the CdS-Cdx Zn1-x S-Cu2S system,khe highest value of open
circuit voltage of 0.44 volts was found. The improvement of the
photocurrent spectral response (Fig. 6.11)is believed due to the
effects of
(i) a reduction in series resistance as the substrate is a layer
of 100% CdS which has been proved having a higher conductivity
than the Zn added CdS films
(ii) the better absorption of light at 0.5u.m which corresponds
to band to band excitation of CdS, and the improvement in the
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wavelength* response (over 1. 1Am) which corresponds to excitation
though interface-,states.
7.3.2) Effects of multi-deposited layers
The multi- layer CdS films, in our case,
refer. to a CdS layer of low spraying temperature deposited
on.the top of a high temperature sprayed CdS layer. The original
expectations of applying such a system in preparation of CdS-Cu2S
solar-cells are listed below.
(i) Reflected from our results in CdS films, it is possible that
-CdS films deposited at different substrate temperatures have
different absorption coefficients along the light spectum. There
may exist a difference in energy gap also. The aim is to test
whether there is a dominant advantage in spec:tral absorption in
CdS for this type of films.
(ii) In general, CdS films of low deposition temperature possess,
in properties, low resistivity, high mobility and high deposition
rate, while a relatively higher resistivity, lower mobility and
very low growth rate will be found in films of high deposition
temperature. Applying the CdS films of multi-deposited layers
in the preparation of cells, we can gain the advantages of high
mobility and fast deposition of low temperature deposited films.
On the other hand, the shunting resistance can be well controlled
by the high temperature deposited CdS layer.
Results in Figs. 6.15 and 6.16 clearly indicate that, same
as the case in ordinary CdS films, greater film tiickness requires
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a longer dipping time to attain an optimal photovoltaic response.
It was found that the improvement due to the ultilization of this
type of films is more obvious in thinner films (below 1 microns).
A short circuit current density of 10 ma/cm2 was achieved in a
cell of 3 microns in film thickness with a dipping time of 1
second. Behaviour of cells formed on thick multi-deposited films
(above 6 microns) are very similar to those formed on thick con-
ventional CdS films.
Comparing the spectral response of open circuit voltage in
Fig. 6.17 with Fig. 5.25, a slightly broader curve was found
in Fig. 6.17. The improvement in Voc is believed to be a result
of an increase in shunting resistance due to the presence of
high temperature deposited CdS films. No significant improvement
in the spectral response of short circuit photocurrent was found
in the comparison of Fig. 6.18 and Fig. 5.26. The photocurrent
and photovoltage at a wave length of 0.5 microns did not improved
neither. Wavelength of 0.5um corresponds to the photoexcitation
in CdS. Thus, these lead to a conclusion that:
(i) improvement in the absorption of light in CdS is not so sign-
ificant
(ii) the main advantage of engaging such a system to prepare
CdS-Cu2S solar cells is the better control of series and shunting





8.1 Chemically- sprayed CdS films.
Sprayrate and substrate temperature are the main factors of
our chemically spraying technique.As the spray rate was kept
at 2ml/min, the effects of substrate temperature on CdS films
has been investigated and conclusions are listed below.
(i) The substrate temperature affects the deposition rate
and crystal grain size of CdS in a way that a lower
substrate temperature will give a higher deposition
rate and larger crystal grain size. The growth in thickness
almost stops beyond a few microns for a substrate temperature
around 400°C.CdS films can not be formed properly at a
temperature over 450°C in our chemical spraying process.
(ii) The substrate temperature affect the electronic properties
of the CdS films also. Films deposited at a low temperature
usually possess a high conductivity and mobility. They
are less light sensitive. The carrier density is
relatively independent of substrate temperature and
illumination. The high value in carrier density is a
result of long time heat treatment in the deposition
process.
Three main types of crystal structure can be identified
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from the numerous scanning electron micrographs of
CdS films deposited in the temperature range of 200°C
to 370oC.( Figs. 7.1 a-c)
The first two deposited at 200°C and 250°C are suitable
to form good photovoltaic cells.
For films thicker than 3 microns, thickness would not
create a significant difference in film properties.
Only those films withathickness smaller than 1 micron
show a critical difference in electronic properties
compared to the thick films.
in
Heat treatment results a rise in films conductivity.
Carrier densities of thicker films (over 3 microns)
are quite steady in heat treatment, Thus, we can conclude
that the rise in conductivity is mainly related to the
rise in mobility. This is consistent with the Petritz
grain-boundary and the surface scattering theories.
O. cds-Cu2s solar cells.
The dipping time for an optimal photovoltaic effect
varries with the thickness in a sense that thicker films
require a longer dipping time. For a thickness of 3-4 microns,
the optimal dipping time is about 2.5 seconds. While films with
a thickness around 8zm need. a dipping time of 5 seconds.
Application of the back wall system is believed tohaVea great
advantage in the preparation of CdS-Cu 2S solar cells on thicker
CdS films because:
(i) it allows the whole surface of Cu2S to the evaporated
electrodes so as to reduce series resistance.
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(ii) it allows a greater variation in dipping time so as
to have a better control of series and shunting
resistance.
(iii) it can attain a higher absorption efficiancy of photons in .
The above three mentioned reasons explained the' improvement in
photovoltaic effect over the previous result stated by Siu.
The maximum Voc and Jsc found in our cells were 0.44 V and
10.2mA/cm2 respectivily.
Heat treatment results a more stable performance against
degradation in our cells. The optimal time of heat treatment
should be limited to 15-20 minutes at a temperature of 250°C.
No electrodes should be formed before heat treatment.
The peak of the spectral response is at 0.7 microns which
corresponds to the direct band gap absorption of Cu2S. No peak
at 0-.5 microns was found in our curves of spectral response.
This suggests that the photocurrent contribution of the absorptio
in CdS is relatively smaller.- Threshold rise in photoresponse
i at 1.0 microns and 0.5 microns in wavelength.
8.3 Special Effects
No diiinite change in crystal grain size has been observed in
Zn added chemically-sprayed CdS films. With an increase in Zn
percentage the electronic properties of the CdS films
change as followings,
art(i) it resultsta lower conductivity (both light and dark),
IK
a higher carrier density of the CdS films,(ii) it resultsA
(iii) a much sharper decrease in mobility has been found,
(iv) films show a decrease in light sensitivity and,
Cu2S and CdS by controlling the thickness of Cu2S
184
(v) the spectral response show a slight shift of the peak
towards the short wavelength which corresponds to a small
increase in the band to band excitation energy in CdS.
Using the Zn added CdS films to prepare solar cells, a not
very significant rise in Voc has been found. However, Jsc of
the cell was reduced by the addition of Zn. The absorption
of the indirect band gap excitation in CdS and the band to
band absorption in CdS were reduced also.
Cells fabricated on multi-deposited CdS layers do not show
any significant improvement in Voc, Jsc and spectral response.
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